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PREFACE  TO  FIRST  EDITION 

The  authored  attention  having  been  directed  to  the 
absence  of  any  modem  English  work  of  a  sufficiently 
comprehensive  character  on  the  subject  of  turbines,  he 
was  induced  to  write  the  present  treatise  in  the  hope  of 
to  some  extent  repairing  the  deficiency.  His  object  has 
been  to  give  in  as  elementary  a  manner  as  is  consistent 
with  accuracy  and  thoroughness  an  explanation  of  the 
principles  underlying  the  action  of  turbines  and  water- 
pressure  engines,  and  of  the  application  of  these  principles 
to  the  design  of  such  motors,  together  with  descriptions 
of  the  most  distinctive  types,  accounts  and  results  of 
experiments,  numerical  examples,  comparisons  of  theo- 
retical with  practical  results,  and  a  brief  review  of  the 
various  methods  of  water  measurement 

Historical  matter  has  been  purposely  avoided,  as  well 
as  descriptions  of  obsolete  forms  of  motors. 

The  theory  of  reaction  turbines  adopted  by  the  author 
is  essentially  that  of  Redtenbacher,  modified  somewhat  in 
detail  on  the  lines  followed  by  Professor  Zeuner  in  his 
lectures  at  continental  technical  universities. 

In  applying  the  theory  to  the  design  of  turbines,  the 
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author  has  taken,  he  believes,  a  course  somewhat  different 
from  that  generally  in  vogue,  and,  in  his  opinion,  better 
suited  for  the  comparison  of  different  types  of  turbines, 
while  at  the  same  time  it  allows  the  distinctive  character 
of  the  motor  to  be  determined  with  accuracy  from  the 
very  beginning.  The  leading  feature  of  this  method 
consists  in  the  assumption  of  the  ratio  of  the  guide 
outflow-area  to  the'  bucket  outflow-area  as  a  starting- 
point  for  the  construction  of  any  turbine. 

The  investigations  of  the  performances  and  peculiarities 
of  American  wheels  are,  as  far  as  the  author  is  conceiiied, 
original,  although  only  the  accepted  theory  has  been 
employed. 

The  tables  of  co-efficients  of  flow,  theoretical  efBciencies, 
comparison  of  theoretical  with  calculated  results,  and 
dimensions  of  turbines  actually  made,  have  been  especially 
compiled  and  calculated  for  this  work  by  the  author 
himself. 

In  writing  a  technical  work'  on  any  subject,  it  is  always 
a  matter  of  some  difBculty  to  know  exactly  where  to 
draw  the  line  between  what  should  and  what  should 
not  be  included  in  it,  and  in  any  case  it  will  certainly 
not  please  all  critics;  for  one  there  will  be  too  much 
mathematics,  for  another  too  little  history,  a  third  will 
find  fault  because  nothing  is  said  about  the  actual  manu- 
facture in  the  shop,  while  a  fourth  wants  to  know  why 
all  mention  of  his  own  particular  invention  has  been 
omitted  I 

There  is  one  criticism,  however,  which  in  the  present 
case  the  author  thinks  it  well  to  meet  in  advance,  as  he 
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feels  tolerably  certain  that  it  will  otherwise  be  made. 
This  is,  that  mathematics  have  been  too  freely  employed 
in  the  present  work.  In  reply  to  this,  it  may  be  points 
oat  that  in  the  majority  of  cases  it  is  shown  how,  in 
applying  the  principles  demonstrated  to  the  design  of 
motors,  graphical  may  be  substituted  for  analytical 
methods.  At  the  same  time,  nothing  beyond  elementary 
analysis  is  involved  in  the  mathematics  employed,  and 
it  is  essential  to  completeness  that  the  algebraical  ex- 
pressions for  the  laws  and  rules  relating  to  the  subject 
should  be  given.  To  those  familiar  with  the  use  of 
formulas,  they  afford  the  readiest  means  of  stating  facts 
which  in  the  simplest  cases  can  only  be  verbally  defined 
in  very  long  and  elaborate  phraseology.  Circumstances, 
too,  often  arise  in  which  dimensions  have  to  be  deter- 
mined and  estimates  made  for  preliminary  purposes, 
under  conditions  in  which  a  drawing-board  and  instru- 
ments are  not  available,  and  then  analytical  methods  come 
in.  The  author  has  himself  on  more  than  one  occasion 
made  preliminary  calculations  while  travelling  on  the 
railway. 

In  writing  the  present  treatise  the  author  has  con- 
sulted to  a  greater  or  less  extent  the  works  or  published 
papers  of  the  following  authors:  Francis,  Lehmann, 
Meissner,  Redtenbacher,  Rittinger,  Weisbach,  Professors 
Fliegner,  Schroter,  Thurston,  and  XJnwin,  and  Mr.  Clemens 
Herschel,  and,  especially  for  hydraulic  pressure  engines, 
Enoke's  work,  'Die  Kraftmaschinen  des  Kleingewerbes.' 
He  is  further  indebted  for  much  information  and  for 
illustrations   to    the    'Minutes    of   Proceedings    of   the 
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iDstitution  of  Civil  Engineers/  '  Minutes  of  Proceedings 
of  the  Institution  of  Mechanical  Engineers/  'Trans- 
actions of  the  American  Society  of  Civil  Engineers/ 
'Transactions  of  the  American  Society  of  Mechanical 
Engineers/  'Engineering/  'The  Engineer/  'Industries/ 
*  Civilingenieur/  and  'Zeitschrift  des  Vereins  Deutscher 
Ingenieure.' 

The  following  gentlemen  and  firms  the  author  has 
to  thank  for  information  personally  supplied:  Professor 
Fliegner  of  Zurich,  Professor  Schroter  of  Munich,  Pro- 
fessor Thurston,  Blanched  and  Co.  of  Vevey,  Bryan 
Donkin  and  Co.,  Mr.  W.  Qiinther  of  Oldham,  Mr.  John 
Hastie,  Mr.  Clemens  Herschel  of  Holyoke,  Messrs.  Howes 
and  Ewell,  the  Humphrey  Machine  Co.  of  Eeene,  U.S., 
Rieter  and  Co.  of  Winterthur,  Mr.  Arthur  Rigg,  Mr. 
Theodore  Bisdon,  Mr.  Hamilton  Smith,  Jun.,  and  Mr. 
Alphonse  Steiger  representative  of  Messrs.  Escher,  Wyss 
and  Co.  of  Ziirich. 

In  the  matter  of  illustrations  of  turbines  and  hydraulic 
pressure  engines  Meissner's  and  Knoke's  works  have 
respectively  been  especially  serviceable. 

In  selecting  certain  types  of  motors  for  description, 
the  author  does  not  thereby  imply  that  such  types  are 
superior  to  others,  but  as  a  rule  has  chosen  those  about 
which  he  was  able  to  obtain  the  most  authentic  experi- 
mental data  and  details.  Of  many  firms  applied  to,  only 
one,  Messrs.  Rieter  and  Co.,  gave  the  information  desired, 
which  has  been  tabulated  in  Table  B. 

The  method  of  measuring  the  vane  angles  adopted  in 
this  work  is  different  from  that  generally  in  vogue,  in  so 
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IX 


tax  ihat  the  angle  fonned  between  the  vane  and  a  per- 
pendicular to  the  direction  of  rotation  is  given  instead 
of  the  complementary  angle.  This  will  be  found  more 
convenient  for  constructive  purposes  in  radial  turbines; 
the  effect  on  the  formulas  is  that  the  sine  takes  the  place 
of  the  cosine,  and  vice  versd.  Where,  according  to  the 
general  practice,  an  angle  is  given  as  say  20"",  according 
to  the  author's  method — which  he  has  borrowed  from 
Professor  Zeuner — ^it  would  be  given  as  90'  —  20'  =  70'. 

The  author  makes  no  claim  to  an  exhaustive  treatment 
of  the  subject,  but  believes  that  the  matter  contained  in 
his  work  will  be  found  useful  to  those  for  whom  it  is 
intended. 


PREFACE  TO  SECOND  EDITION 

Since  the  first  edition  of  this  work  appeared,  little  of 
a  novel  character  in  the  form  of  hydraulic  motors  has  been 
introduced  to  the  technical  world.  In  preparing  the 
second  edition,  therefore,  the  task  of  the  author  has  been 
mainly  to  carefully  revise  the  original  text,  where  neces- 
sary, correct  a  few  slight  clerical  errors  and  errors  of 
calculation,  and  add  descriptions  of  such  new  installations 
as  appeared  especially  deserving  of  notice.  Among  the 
latter  is  the  Niagara  Falls  installation. 

In  several  instances  descriptive  and  theoretical  matter 
has  been  amplified  and  supplemented,  and  numerous 
diagrams  and  illustrations  have  been  added. 

The  new,  revised,  and  supplementary  matter  will  in  the 
main  be  found  under  the  following  headings : — Construc- 
tion of  vane  curves;  Determination  of  outflow  areas; 
Qirard  turbine  with  draft-tube;  "Vortex"  turbine; 
'^Pelton"  wheel;  Turbines  at  Schaffhausen;  Niagara 
installation ;  "  Purdon- Walters  "  steam-motor ;  "  Venturi " 
water-meter ;  and  curves  of  kinetic  energy,  pressure  diflfer- 
ence,  and  hydraulic  losses  for  various  diameter-ratios  of 
radial  turbine& 


xu 
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The  second  part  of  the  work  on  "  Hydraulic  Pressure 
Engines"  has  not  been  altered  nor  enlarged,  and  is  in- 
tended merely  as  a  sketch  of  this  branch  of  hydraulic 
engineering. 

G.  R  BODMER. 

30,  Walbrook, 

London,  E.C, 
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CHAPTER  T. 

INTRODUCTION. 

Primitive  hydraulic  motors. — Real  agent  in  so-called  water  power. 
—  Conditions  under  which  water  can  do  work. — Capacity  for  doing 
work  or  available  energy. — Various  ways  in  which  available  energy 
is  applicable  for  performing  work. — Different  types  of  mott»rs  re- 
quired.— Usual  sources  of  hydraulic  power  in  Nature ;  how  made 
available,  and  in  what  forms. 

General  principles  applicable  to  hydraidic  motors  : — 

Flow  of  water  in  closed  channels. — Hydro-djmamic  equation. — 
Continuity  of  flow. — Mt)tion,  relative  and  absolute. — Illustrations. 

Actiim  of  water  on  curved  vanes  : — 

Deflection  of  water  in  turbines. — Force  due  to  deflection. — Avoid- 
ance of  impact  or  shock. — Mathematical  conditions. — Graphical 
construction. — Work  done. — Centrifugal  action. — Explanation  of 
increased  relative  velocity.— Effect  of  shock. 

The  use  of  water  for  pei-forming  mechanical  work  dates 
back  to  an  extremely  early  age,  some  primitive  form  of 
water-wheel  having  been  probably  the  first  hydraulic 
motor.  In  Sicily,  what  may  be  considered  as  a  primitive 
form  of  impulse  wheel  with  flat  vanes,  introduced  by  the 
Saracens,  is  in  use  at  the  present  day.  The  historical 
aspect  of  the  subject  of  water  power  does  not,  however, 
corae  within   the  scope   of  the   present  work,  which   is 
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limited  to  the  principles  and  practice  of  the  construction 
of  water  motors,  and  the  results  obtained  with  the  latter. 

In  many  parts  of  Europe,  and  especially  in  Switzerland 
tnid  the  mountainous  portions  of  South  Germany,  the 
available  water  power  of  the  numerous  streams  and  small 
rivers  is  taken  advantage  of  to  a  large  extent  for  indus- 
trial purposes,  while  in  the  United  States  a  very  con- 
siderable proportion  of  the  total  power  expended  in 
manufactories,  mills,  and  similar  establishments  is  derived 
from  hydraulic  sources. 

In  the  mountainous  districts  of  Europe,  as  a  rule 
the  falls  are  high  and  the  quantities  of  water  small, 
while,  on  the  other  hand,  in  America  the  falls  are 
moderate  or  low,  and  the  quantities  of  water  very  large, 
so  that  the  two  regions  may  be  taken  as  illustrating 
extreme  phases  of  the  occurrence  of  water  power. 
In  the  United  Kingdom  there  is  no  doubt  that  a  vast 
quantity  of  water  power  that  might  be  advantageously 
utilized  is  entirely  neglected,  but  it  may  be  admitted 
that  in  many  instances  the  reasons  for  this  are  sufficiently 
obvious :  cheap  coal  and  choice  of  locality,  and  some- 
times the  necessity  for  expensive  works  in  order  to  make 
the  water  power  available.  When  coal  becomes  dearer, 
as  it  undoubtedly  will,  more  attention  must  be  paid  to 
the  hydraulic  resources  of  the  country.  Of  course  the 
absence  of  large  rivers  or  high  falls  makes  it  impossible 
that  a  very  large  proportion  of  the  power  required  for  our 
numerous  manufactories  should  be  drawn  from  hydraulic 
sources,  but  making  every  allowance  on  this  score,  there 
is  yet  an  extensive  field  open  to  the  enterprising  hydraulic 
engineer. 

Water  power  is — perhaps  after  wind  power — the  most 
natural,  and  at  the  same  time  truly  economic  source  of 
energy     Every  ton  of  coal  burnt  is,  as  far  as  our  knowledge 
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goes,  irretrievably  lost;  the  process  involved  in  its  uti- 
lization is  ii'reversible.  On  the  other  hand,  in  taking 
advantage  of  the  energy  now  uselessly  expended  on 
friction,  erosion,  and  other  resistances,  by  our  rivers  and 
streams,  use  is  made  of  a  complete  cycle  already  pro- 
vided by  Nature ;  the  water  consumed  in  producing 
power  is  raised  again  by  the  sun,  falls  as  rain  and  re- 
plenishes the  river  or  stream  from  which  the  supplies  are 
drawn. 

In  most  cases  where  so-called  water  power  is  employed 
in  the  performance  of  mechanical  work  the  real  agent  is  i 
gravity ;  the  fluid  itself  being  the  medium  through  which 
the  action  of  gravity  is  transmitted  to  the  prime  motor. 

It  is  quite  possible  that  stones,  earth,  sand,  &c.i  shoiild 
be  utilized  in  a  similar  manner,  in  each  case  the  motive 
power  being  that  of  gravity. 

In  order  that  water  may  be  available  for  the  purpose 
of  doing  work,  it  must  be  in  such  a  position  that  it  can  |  i 
fall  from  a  higher  to  a  lower  level,  or   must  be   under  |  ? 
pressure  produced  by  some  external  force,  such    as   that 
of  a  weight  or  spring  acting  on  the   surface  of  the  fluid 
through  a  piston  or  plunger. 

Under  the  former  conditions  its  utmost  capacity  for 
doing  work — potential  energy,  or  energy  of  position —  f 
is  the  product  of  the  height  through  which  it  can  fall 
into  the  weight  of  water  falling,  so  that  if  h  denote  the 
available  height  of  the  fall,  and  G  the  weight  of  water 
falling  per  second,  h  x  G  equals  the  energy  or  power  j 
available  per  second. 

If  the  fluid  is  allowed  to  fall  without  resistance  under 
the  action  of  gravity,  either  free  or  confined  in  pipes  or 
vessels,  the  power  available  is  expended  in  imparting 
velocity  to  the  water,  and  the  potential  energy  or  energy 
of  position  is  converted  into  kinetic  energy  or  energy  of  i 
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motion,   and   in   this   form   is   available   for    performing 
work. 

It  is,  however,  not  necessary  that  the  potential  energy  ^ 
of  the  water  should  be  first  transformed  into  kinetic  energy 
in  order  that  it  may  be  employed  for  motive  power  ;  the 
'  weight  of  the  fluid  can  also  be  allowed  to  act  directly  on 
the  prime  motor  in  a  manner  similar  to  that  in  which  the 
weight  of  a  body  attached  to  one  end  of  a  rope,  passed 
over  a  pulley  for  instance,  may  be  made  to  raise  another 
body  suspended  at  the  opposite  end. 

A  third  way  of  utilizing  water  power  for  doing  work 
is  by  means  of  its  press^trc,  but  the  diflference  between 
this  method  and  the  preceding  is  more  apparent  than 
real,  and  consists  chiefly  in  the  form  of  the  motor. 

The  so-called  pressure  of  water  is  the  i:gaulji  of  weight  or 
its  equivalent,  so  that  in  this,  as  in  the  preceding  case,  the 
mechanical  work  is  really  done  directly  by  the  weight  of 
the  fluid,  or  in  some  cases  by  the  pressure  of  steam  or  otlier 
elastic  fluid  acting  through  an  accumulator.  For  practical 
purposes  it  may  nevertheless  be  said  that  there  are  three 
ways  in  which  hydraulic  power  can  be  applied  to  the  per- 
formance of  work  :  (1)  as  kinetic  energy,  or  through  the 
velocity  of  the  fluid  ;   (2)  by  weight,  and  (3)  by  pressure. 

Each  of  these  three  methods  requires  a  different  type  of 
motor  for  its  application,  denoted  respectively  as  (1)  Tur- 
bine, (2)  Water-wheel,  and  (3)  Water-pressure  engine. 

Tlie  most  usual  source  of  hydraulic  power  in  Nature  is 
a  river  or  stream,  but  to  make  this  available  for  practical 
purposes  some  form  of  works,  such  as  dams,  canals,  and 
aqueducts,  is  almost  invariably  necessary.  A  river-bed 
has  always  a  certain  fall  or  gradient ;  for  instance,  one 

*  In  some  quarters  the  term  "  potential  energy  *'  is  objected  to,  but 
the  author  considers  it  less  cumbersome  and  more  generally  expres- 
sive than  "  energy  of  position." 
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foot  in  every  hundred  feet  of  length — a  very  extreme 
case,  as  a  foot  to  the  mile  would  be  more  nearly  what 
occurs  in  England  ;  to  be  able  to  take  advantage  of  this 
fall  for  doing  work,  the  portion  of  it  utilized  must  be 
applied  in  one  or  several  nearly  perpendicular  steps.  In 
order,  for  instance,  to  obtain  a  fall  of  six  feet  from  a  river 
having  a  gradient  of  one  foot  in  every  hundred,  one 
plan  would  be  to  construct  a  dam  or  weir  across  it  of  such 
a  height  that  the  level  of  the  surface  of  the  water  on  the 
up-stream  side  of  the  dam  is  elevated  6  ft.  over  that  of 
the  water  immediately  below  on  the  down-stream  side ; 
the  surface  of  the  water  above  the  dam  will  then  be 
raised  for  a  length  of  600  ft.  at  least,  and  instead  of 
having  the  gradient  due  to  the  inclination  of  the  river- 
Fig.  1. 


bed,  will  be  approxinuitely  horizontal.  This  is  plainly 
shown  in  Fig.  1,  where  the  dotted  line  represents  the 
original  course  of  the  river  surface,  the  full  line  that 
after  the  construction  of  the  dam.  As  a  matter  of  fact, 
the  effect  of  a  dam  on  the  surface  of  the  river  above  it 
extends  beyond  the  point  of  intersection  of  the  hori- 
zontal full  line  with  the  dotted  line  indicating:  the 
original  surface,  in  some  cases  nearly  twice  this  dis- 
tance, and  the  surface  is  nowhere  truly  horizontal. 

The  head  which  was  previously  expended  almost 
entirely  in  overcoming  the  resistance  of  the  river-bed 
over  a  distance  of  600  ft.  while  the  water  gradually  de- 
scended 6  ft.  down  a  gentle  incline,  will  now  be  available 
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for  doing  a  corresponding  amount  of  useful  work  by  a 
mdden  dr<^  througli  the  same  height  as  before.  Tlie 
euergy  originally  wasted  in  uselegs  friction  is  accumulated 
in  the  form  of  "  head "  immediately  behind  the  dam. 
The  wator  6owing  over  the  dam  is  taken  into  the 
chamber  or  reservoir  coDtainiog  the  motor  through 
which  it  passes,  generally  veiiically  to  the  tail-race,  or, 
as  with  aa  overshot  wheel,  is  conducted  by  a  pen-trough 
or  channel,  iasuiug  from  the  top  of  the  dam,  to  the  point 
from  which  it  flows  into  the  buckets.  In  other  cases, 
wliero  it  is  not  admissible  or  possible  to  constnict  a  dam, 
or  where  only  a  portion  of  the  water  of  the  river  or  stream 
is  required,  the  necessary  quantity  is  drawn  off  by  a 
separate  channel,  at  a  sufBctent  distance  above  the  point 
where  the  power  is  required  to  obtain  the  desired  fall. 

Occasionally  water  power  is  avaiiabie  in  the  form  of  a 
natural  waterfall,  and  then  it  is  simply  necessary  to  guide 
the  fluid  in  a  tube  or  chaunel  by  which  it  is  conducted  to 
the  motor.  In  such  cases  the  greater  part  of  the  energy 
utilized  was  previously  lost  by  impact  in  producing  eddies, 
heat,  and  overcoming  the  resistance  of  the  air. 

Sometimes  the  velocity  only  of  the  fiovviog  stream  is 
employed  for  working  a  motor,  the  "  head  "  in  that  case 
being  already  converted  into  kinetic  energy. 

General  Prindplm  applicable  to  Hydraulic  Mvtovs. 

Before  proceeding  to  consider  ia  detail  the  theory  of 
each  kind  of  hydraulic  motor,  it  will  be  necessary  to  give 
an  outline  of  the  theoretical  principles  common  to  all,  aod 
investigate,  from  a  general  point  of  view,  some  portions  of 
the  phenomena  occurring,  previous  to  applying  those 
principles  to  the  solution  of  particular  problems. 

In  order  to  understand  the  action  of  hydraulic  motors 
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it  is  chiefly  necessary  to  have  a  knowledge  of  the  be- 
haviour of  water  in  pipes  and  channels,  its  outflow 
through  orifices,  and  its  action  when  flowing  over  curved 
surfaces.  It  is  assumed  that  the  reader  is  acquainted 
with  the  fundamental  principles  of  hydraulics  and  me- 
chanics, so  that  it  will  only  be  necessary  to  deal  briefly 
with  those  portions  of  the  former  most  closely  connected 
with  the  theory  of  hydraulic  motors. 

Flow  of  Water  in  Pipes  and  Closed  Channels. 

The  flow  of  water  under  pressure  through  pipes  or 
vessels  of  varying  section,  always  under  the  assumption 
that  every  part  is  at  all  times  quite  full  of  the  fluid,  is 
subject  to  the  law  of  Borda  and  Camot  This  law  is 
nothing  else  than  an  application  of  the  principle  of  the 
conservation  of  energy  to  water.  Expressed  in  words  it 
may  be  stated  generally  as  follows: 

The  sum  of  the  potential  and   kinetic  energy  of  the' 
fluid  flowing  through  any  section  of  the  pipe  or  vessel  is 
equal  to  that  sum  for  any  other  section  plus  or  minus 
any  access  or  loss  of  energy  from  external  sources.  j 

The  potential  energy,  or  energy  of  position,  of,  say,  a 
pound  of  water  at  any  pressure  p  is  represented  by  the 
product  of  this  pressure  and  the  specific  volume  or 
volume  occupied  by  one  pound  of  water ;  for  any  number 
of  pounds  flowing  through  any  section  of  a  pipe,  the 
potential  energy  is  simply  the  pressure  multiplied  by  the 
total  volume.  Suppose,  for  instance,  that  through  some 
section  of  a  pipe  62  lbs.  of  water  per  second  flow  at  the 
pressure  of  1000  lbs.  per  square  foot ;  the  total  volume  of 
62  lbs.  of  water  is  about  one  cubic  foot,  and  the  potential 
energy  1000  foot  pounds.  It  is  convenient  to  express 
the  pressure  of  a  fluid  in  the  equivalent  Jtead  which 
would  produce  this  pressure ;    as   the  specific  volume  is 
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the  inverse  value  of  the  specific  weight,  and  since  the 
potential  energy  of  one  pound  at  the  pressure  p  \^  p  x 

specific    voluvie,   it  can  also   be  written    rrr-- .-,, 

^    -^  specinc   weight, 

and  this  is  nothing  else  than  the  equivalent  head  ex- 
pressed in  the  unit  selected ;  the  equivalent  head  in 
feet  for  a  pressure  of  1000  lbs.  per  square  foot  would  be 

roughly  — ^9-  =  16*1  ft.,  and  the  same  figure  of  course 

gives  the  potential  energy  in  foot  pounds  of  one  pound  of 
water  under  the  pressure  in  question. 

The  kinetic  energy  of  one  pound  of  water  due  to  its 

velocity  c,  is  5^ '  or  since  g  =  32'2,  r— - 

The  sum  of  the  potential  and  kinetic  energy  of  one  pound 

of  water  flowing  with   the  velocity  c  at  the  pressure^; 

73        c^ 
through  any  section  is  iSf  =  jf,  +  -^- 

where  8  is  the  weight  of  one  cubic  foot  of  water  (when 
the  foot  is  the  unit  employed). 

If  |?i  and  Cj  denote  respectively  the  pressure  and  velocity 

at  some  other  section,  then,  when  there 
Fig.  2.  is   no   access  or    loss    of  energy    from 

some     external    source,    according    to 
Borda  and   Camot's   law — 


+ 
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If  the  point  where  the  pressure  p 
occurs  is  lower  than  that  coi  respond- 
ing io  2\,  so  that  there  is  an  increase 
of  head  h,  then  {v^idc  Fil^^  2)  : 
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If,  besides  this,   losses  of  energy,    Z,    from   friction  for 
instance,  are  incurred  between   the  same  points,  then 

I'    +^'    =?.    +Il    +k-   L. 

This  is  termed  the  hydro-dynamic  equation,  and  will 
be  subsequently  often  employed  ;  it  will  be  convenient 
in  the  sequel  to  denote  by  ^;,  p^,  &c.,  the  pressure  expressed 
in  equivalent  liead  of  water,  instead  of  as  hitherto  the 
pressure  in  pounds  per  unit  of  suiface,  so  that  p  takes 

the  place  of  —  ;  hence  the  above  equation  becomes 


s 


c"  c? 


The  condition  that  every  part  of  the  pipes  or  vessels 
containing  the  water  to  which  the  above  equation  applies 
must  be  full,  leads  to  the  equation  of  continuity  q{  flow, 
which  expresses  the  fact  that  an  equal  quantity  of  water 
per  unit  of  time  flows  through  every  section  of  the  pipe 
system,  the  section  being  measured  at  right  angles  to  the 
direction  of  flow.  If  A  and  A^  be  the  sectional  areas  at 
any  two  points,  and  c  and  e^  the  corresponding  velocities 
of  flow,  Q  the  quantity  of  water  (in  cubic  feet)  per 
second,  then  Q  =  A  c  =  A^Ci,  Owing  to  this  condition, 
when  the  dimensions  of  the  pipes  or  vessels  through 
which  the  water  passes  and  the  velocity  at  any  section 
are  known,  the  velocity  at  any  other  section  can  be  cal- 
culated— a  change  of  velocity  in  any  one  part  affects  in 
the  same  proportion  the  motion  in  every  other  part. 

From  the  hydro-dynamic  equation  it  is  evident  that 
as  the  velocity  increases  the  pressure  decreases,  and  viie 
versa.  As  water  flows  through  a  vessel  of  varying  section 
its  velocity  must  change  to  satisfy  the  requirements  of 
continuity  of  flow    and  with  the  velocity    the  pressure. 
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There  is  consequently  a  continual  transformation  going  on, 
as  the  fluid  advances,  of  kinetic  into  potential  and  potential 
into  kinetic  energy,  and  provided  the  changes  are  gradual, 
this  process  is  not  accompanied  by  any  loss,  apait  from 
external  causes.  Abrupt  alterations  of  velocity  of  flow 
due  to  sudden  enlargement  or  contraction  of  the  inclosing 
pipes  or  vessels  causes  loss,  and  then  the  transformation  of 
energy  of  the  one  kind  into  energy  of  the  other  cannot 
take  place. 

Motion,  relative  and  absolute. 

All  motion  is,  strictly  speaking,  relative,  but  for  the 
purposes  of  this  work  it  will  be  convenient  to  use  the 
term  absolute  vwtion  or  absolute  velocity  in  reference  to 
motion  or  velocity  referred  to  some  fixed  system  on  the 
surface  of  the  earth,  and  to  describe  as  relative  motimi 
or  relative  velocity  motion  or  velocity  referred  to  some 
system  in  motion  relatively  to  that  fixed  system. 

A  passenger  sitting  in  a  railway-carriage  moving  at 
the  rate  of  forty  miles  an  hour  has  an  absolute  velocity 
referred  to  the  fixed  system  of  the  line,  of  58*66  ft.  per 
second,  but,  relative  to  the  moving  system  of  the  carriage 
itself,  is  at  rest.  If  the  same  passenger  walks  across  the 
floor  of  the  carriage  at  a  speed  of  3  ft.  per  second  at 
right  angles  to  the  direction  in  which  it  is  travelling,  3 
ft  per  second  is  his  relative  velocity  with  reference  to 
the  carriage,  and  his  relative  direction  of  motion  is  at 
right  angles  to  the  longitudinal  axis  of  the  carriage ;  his 
absolute  velocity  is  on  the  other  hand  compounded  of  the 
absolute  velocity  of  5866  ft  per  second  with  which  the 
carriage  is  moving,  and  the  relative  velocity  of  3  ft  per 
second,  at  right  angles  to  the  direction  of  the  latter,  with 
which  he  traverses  the  floor  of  the  carriage.     It  is  easy  to 
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see  that  this  absolute  velocity  is  the  resultant  as  regards 
value  aud  direction  of  the  absolute  velocity  of  the  car- 
riage and  the  relative  velocity  of  the  passenger  with 
respect  to  the  carriage. 

As  auother  familiar  illustration  of  a  similar  character : 
suppose  a  passenger  to  jump  out  of  a  train  in  motion,  as 
it  is  passing  a  platform,  at  right  angles  to  the  longitudinal 
axis  of  the  carriage ;  although  he  jump  perfectly  straight 
forwards^  he  will  alight  on  the  platform  in  an  oblique 
direction  with  respect  to  the  edge  of  the  latter,  assuming 
that  edge  to  be  parallel  with  the  wall  of  the  carriage. 
The  absolute  direction  and  velocity  with  respect  to  the 
platform  are  given  by  the  resultant  of  the  velocity  of  the 
train  and  the  relative  velocity  with  which  the  passenger 

Fig.  8.  leaves  the  carriage  {vide 


Irelotittf    of  Ccwrizi^c 


Fig.  3) ;  this  is  equally 
the  case  whatever  the 
direction  relative  to  the 
carriage  may  be. 

Supposing,  again,  the 
carriage  were  moving  at 
only  3  miles  an  hour,  aud  that  the  passenger  walks  in  the 
opposite  direction  along  the  floor  of  the  carriage  at  the 
same  speed,  it  is  clear  that  vnth  respect  to  the  line  his  body 
as  a  whole  remains  at  rest,  and  therefore  his  absolute 
velocity  is  nil,  although  his  velocity  relative  to  the  carriage 
is  3  miles  an  hour. 

Motion  relatively  oblique  to  that  of  the  carriage  can 
always  be  resolved  into  two  components,  one  parallel  with 
and  the  other  at  right  angles  to  the  direction  in  which  the 
carriage  moves,  and  from  this  it  is  easy  to  see  that  the 
absolute  velocity  of  any  body  moving  with  a  certain 
velocity  relative  to  another,  which  again  itself  has  a  given 
absolute  velocity,  is  the  resultant  both  as  regards  direction 
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Fig.  4. 


and  value  of  the  relative  velocity  of  the  one  body  and  tlu 

absolute  velocity  of  the  other. 

In  the  sequel  this  principle  will  be  applied  to  particles 

of  water  moving  over  rotating  surfaces.     Let  A,  Fig.  4,  hi 

a  particle  of  water  at  anj 
point  on  a  rotating  sur- 
face which  has  moment- 
arily the  absolute  velocitj 
A  B  tangential  to  the 
circular  path  of  thai 
point,  while  the  particU 

at  the  same  moment  has  the  relative  velocity  and  direction 

A  G  with  respect  to  the  rotating  surface ;  then  A  Z>,  the 

resultant  oi  A  B  and  A  C,  is  the  absohite  velocity  and 

direction  taken  by  A. 


The  Action  of  Water  mi  cui^ed   Vanes. 

The  construction  of  turbines  is  based  on  the  fact  that 
when  a  mass  of  water  (or  other  material)  moving  in  a 
certain  direction  with  given  velocity  is  compelled  to 
change  this  direction,  force  is  required  to  efiect  the 
change.  The  intensity  of  the  force  necessary  is  obviously 
dependent  on  the  extent  to  which  the  mass  is  deflected 
from  its  original  course.  In  a  turbine  a  jet  of  water  is 
deflected  by  being  brought  into  contact  with  a  curved 
vane,  which,  preventing  further  progress  in  the  initial 
direction,  compels  the  jet  to  follow  its  surface ;  owing  to 
the  resistance  offered  by  the  water  to  this  compulsion,  a 
reactionary  force  is  exerted  on  the  vane  which  is  em- 
ployed in  driving  the  turbine- wheel.  When  the  course 
of  a  particle  of  water  is  altered,  its  motion  in  certain 
directions  is  retarded  or  accelerated,  and  the  force  exerted 
in  any  of  these  is  measured  by  the  amoimt  of  the  retard  a- 
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Fig.  5. 


or  acceleration.     Let  A  B^  IKB^,  &c.,  Fig.  5,  represent 
ons  of  a  curve,  each  so  short  that  it  may  be  considered 

a  straight  line,  and  let  ^  C'  be  the  initial 
direction  of  a  particle  of  water  compelled 
to  follow  this  curve ;  in  passing  from  the 
element  A  B^  to  that  of  B^  B^  the  particle 
is  deflected  through  the  angle  a,  and  on 
reaching  B^^  has  traversed  the  distance  B^^ 
C  relatively  to  its  original  course  at  right 
angles  to  the  latter;  its  velocity  in  this 
direction,  at  the  point  J5j,  is  proportional 
to  its  velocity  u  in  the  direction  B^  B^, 
and  is  ^t  sin  a ;  when  traversing  A  B^  the 
eity  parallel  with  0  B^  was  nil,  hence  there  has  been  a 
:ive  acceleration  of  velocity  at  right  angles  to  the 
inal  course,  and  if  t  be  the  time  required  for 
ersing  B^  B^t  this  acceleration  will  be  expressed  by 


n  a 


By    applying    this    method    of    reasoning   to 


emely  small  portions  of  a  curved  vane  over  which  a 

im  of  water  is  flowing,  and  extending  it  to  the  whole 

Fig.  6.  vane,   an   expression    can 

be  found  for  the  total  force 
exerted  on  the  latter  by 
a  given  quantity  of  water 
per  second  flowing  over 
it. 

Let  a  h,  Fig.  6,  re- 
present a  very  narrow 
curved  channel  through 
which  a  certain  mass  of 
water  m  flows  per  second. 
)  channel  moves  with  the  velocity  w,  in  the  direction 
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indicated  by  the  arrow.  The  water  enters  at  a  with  the 
relative  velocity  Ci,  at  the  angle  a^  formed  by  the  tangent 
to  the  curve  of  the  channel  at  a,  with  a  perpendicular 
to  the  direction  of  motion  of  the  latter ;  it  leaves  the 
channel  at  the  angle  a^and  with  the  relative  velocity  Cj. 

The  absolute  velocity  c — with  respect  to  some  fixed 
point — with  which  the  water  is  moving  at  a,  and  the 
corresponding  angle  of  direction,  bear  definite  relations 
to  the  quantities  q  w  and  a, ;  resulting  from  the  condition 
that  the  water  must  enter  the  channel  in  a  direction 
coinciding  with  that  of  the  tangent  to  the  curve  of  the 
vane  at  the  point  of  entry  «,  that  is,  nntltaut  impact  or  s/iocJc. 
Fig.  7.  Fig.  8 


The  moment  before  entering  the  channel  the  water 
has  a  certain  velocity  and  direction  relative  to  the  latter, 
which,  as  has  been  explained  in  dealing  with  absolute 
and  relative  motion,  is  determined  by  the  absolute 
velocity  of  the  water  in  combination  with  the  absolute 
velocity  of  the  vane.  When  the  water  comes  in  contact 
with  the  vane,  no  immediate  change  must  be  caused  by 
the  latter  in  the  relative  direction  of  flow  if  impact  is  to 
be  avoided,  hence  the  first  portion  of  the  vane  at  a  must 
be  parallel  with  the  relative  course  of  the  water  at  the 
moment  of  entering  the  channel.  Fig.  7  illustrates 
the  entry  of  the  fluid  ivUhout,  and  Fig.  8  ti^Uh  impact; 
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in  both  cases  £  B  represents  the  value  and  direction  of 
the  absolute  velocity  of  flow  of  the  water  immediately 
before  coming  into  contact  with  the  vane,  i?  (7  the  absolute^ 
velocity  and  direction  of  the  motion  of  the  vane ;  £  U 
must  be  the  resultant  of  E  C  and  the  required  relative 
velocity  of  flow;  the  latter  is  found  simply  by  completing 
the  triangle  E  C  B,in  which  the  side  C  B  gives  its  value 
and  direction.  The  complete  parallelogram  of  velocities  is 
BCED. 

In  Fig.  7,  a  X,  the  tangent  to  the  vane-curve  at  a, 
is  a  prolongation  of  C  B,  while  in  Fig.  8  the  direction 
o(  C  B  does  not  coincide  with  a  X,  but  the  course  of 
the  fluid  on  arriving  at  a  is  suddenly  changed. 

From  the  preceding  explanation,  the  graphical  con- 
struction necessary  to  determine  in  any  given  case  the 
direction  of  the  first  portion  of  (or  tangent  to)  the  vane 
at  a,  will  be  clear,  bearing  in  mind  that  B  E  =  c, 
B  C  =  Ci,SindG  E=w. 

Mathematically  expressed,  the  conditions  for  entry  of 
the  water  into  the  channel  without  impact  are  the 
following : — 

{A).,,c  mi  a  =  w—Ci  sin  aj,  ' ./  ^\  *•=?> 

(B) .,.c  cos  a  =  Ci  cos  Qj,  ^z'' 

(C).,,c    :   w  =^  cos  a^  :  sin  (a  +  aJ, 
(/>)... Cj  :   10  =  cos  a    :  sin  (a  +  aj).  ^ ' 

The  derivation  of  these  will  be  evident  from  element- 
ary trigonometrical  principles  with  the  assistance  of  tno 
diagram  Fig.  9.  ^^*. 

According  as  the  angle  a^  is  measured  on  the  same 
side  of  the  line  0  Fas  the  angle  a,  (vide  Fig.  10),  or  on 
the  opposite  side,  it  is  either  positive  or  negative ;  in 
the  latter  case  it  must  not  be  forgotten  that  the  sine  is 
also  negative,  consequently  formula  (A)  then  becomes 

c  sin  a  ^  w  +  c^  sin  a^. 


:<. 
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The   absolute    or    residual    velocity    it   with    which    the 

Fig.  9.  water   leaves  the  vane, 

Fig.  10,  is  the  resultant 
of  €.2  and  ic. 

All  the  forces  ex- 
erted on  the  vane  or 
channel  by  the  water 
may  be  resolved  into 
two  resultant  forces, 
one  acting  parallel  with 
the  direction  of  w,  the 
other  at  right  angles  to 
it ;  the  first  of  these 
may  be  denoted  by  X, 
the  second  by  Y. 
Tlie  momentum  parallel  with  X  of  the  water  entering 

with   the   velocity  c,  is   proportional   to   the   component 

Fig.  10. 


\A 

5v\    x< 1 

'  ••  K 

Y 

\^^/l^::^ 

\:^^-^ 

-A 

» .  — t 

Fi  of  the  latter,  and   V^  =  c  »in  a ;  on  leaving  the  vane 
with  the  residual  velocity  w,  the  momentum  in  the  same 
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direction  is  proportional  to  the  component  V^  of  u,  wliere 
F",  =  'M7  —  c,  sin  Oj.  Hence  the  loss  of  momentum  is  pro- 
portional to  Vi  —  Fa,  the  actual  value  being  in  (  f^i  —  V^, 
and  this  loss  represents  the  force  X  exerted  on  the 
vane;  it  is  obvious  from  the  diagrams  that  the  differ- 
ence in  the  components  v^  ^^'^  ^i  ^^  ^a  ^^^  ^i  parallel 
with  X,  representing  the  increase  of  momentum  relative 
to  the  moving  vane,  is  identical  with  V^  —  V^  in  absolute 
value. 

Hence  t?,  —  Vj  =  Fi  —  F^.  or,  expressed  in  terms  of  the 
velocities  and  angles : — 

c  sin  a  —  («'  —  c^  sin  a^\ 
=  Tj  sin  Oj  —  Ci  sin  a^, 
X  ^  m  {c  sin  a  —  (w  —  c^mi  a^)  j  (1 

=  7/1  (c^  sin  Og  —  Ci  sin  a^). 
The  work  done  by  X  at  the  velocity  w,  per  second,  ib — 
X 10  =  m  w  (c  sin  a  —  (^w  —  c.^  sin  a^),^ 

=  m  w  (6*2  sin  a.^  —  c,  si/i  aj),  or 

W^  =  X 10  =  m  w  (Vi--  Vo)  =  m  w  {i\  —  v^. 
The  value  of  V^  —  Kg,  it  is  evident,  can  very  easily  be 
determined  graphically  without  the  aid  of  trigonometrical 
calculations,  by  simply  measuring  Fi  and  V^  (or  v^  and 
i7i),  from  the  diagram.  Fig.  10,  already  constructed  to  find 
c  and  IV. 

The  equivalence  of  Fj  —  Fg  and  v.^  —  r^  may  be  thus 
stated :  The  dbsobUe  loss  of  momentum  is  equal  to  the 
relative  gain  in  momentum. 

The  force  Y  is  found  in  a  similar  manner  to  X^  and  is 
simply  proportional  to  the  difference  of  the  components  of 
c,  and  Cj  in  a  direction  parallel  to  Y\  hence 

Y  =  m  {c^  cos  ttj  —  c^  cos  Oj)  (2 

as  the  vane  is  not  assumed  to  have  any  motion  parallel 
with  F,  no  work  is  performed  by  the  latter  force;  in 
practice  it  tends  by  a  downward  pressure  on  the  beaira^t^ 

o 
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the  frictional  resistance  of  the 


ige  over  the  vano  are  s 


of  a  turbine  to  i 
sliaft. 

If,  instead  of  moving  in  a  straight  line,  the  vane  or 
channel  rotates  about  an  axis  at  right  angles  to  the 
paiTkUel  planes  in  which  the  fiiamenta  of  water  flow,  the 
expressions  for  the  forces  exerted  by  the  water  on  its 
what  niodified. 

Let  a  h.  Fig.  11, 
represent  a  vane  or 
channel  rotating  round 
■^-.  the  axis  0  (perpen- 
dicular to  the  plane  of 
the  diagram) ;  the  dis- 
tance or  radius  0  a  =■ 
j-i,  and  0  h  =  »■„ — the 
water  being  assumed 
to  enter  at  a  and  leave 
at  h ;  the  circnnifereii- 
liikl  velocities  at  a  and 
h  are  respectively  u\ 
and  iCj.  Tlie  angles 
a,  fli,  a,,  are  those 
formed  by  the  direc- 
tion of  the  velocities  c,  c,  and  c,  respectively  witli  the 
radii  r,  and  )-j. 

The  work  performed  by  the  forces  acting  tangeutially  at 
all  [Joints  of  the  vane  is  in  tlfis  case  espressed  by 

3)  IK„  =  m  [w,  c,  sin  a,  -  n;  c,  mt  a,  -  (,<■/  -  «■,')] 
The  additiouul  quantities,  as  compared  with  the  corre- 
siwnding  formula  for  rectilinear  motion,  are  due  to  the 
vaiying  velocities  of  tlie  different  points  of  the  vane. 
Some  writers  have  treated  the  influence  of  the  varying 
velocity  of  rotation  at  different  radii  as  due  to  the  action 
of  centrifugal   force   resulting   from  the  rotation  of  the 
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vane.  This  view  is  misleading,  as  it  gives  the  impression 
that  there  is  a  fundamental  distinction  between  the  cases 
of  rectilinear  and  rotary  motion,  and  that  the  latter  re- 
quires the  application  of  principles  different  from  those 
which  suffice  for  the  former.  In  fact,  precisely  the  same 
reasoning  applies  to  both  cases.  The  water  in  passing 
over  a  moving  vane  takes  a  certain  absolute  path,  the 
direction  of  which  at  any  point  x  is  that  of  the  resultant 
of  the  velocity  of  flow  relative  to  the  vane  and  the 
absolute  velocity  of  the  latter.  This  (absolute)  path  may 
be  easily  found  when  the  relative  velocity  of  the  water 
at  all  points  of  the  vane  and  the  velocity  of  the  latter 
are  kiu>wn.^ 

*'ig- 12.  Let  a  rf,   Fig.   12, 

represent  the  absolute 
path  corresponding  to 
the  vane-curve  a  6. 

A  particle  of  fluid 
at  the  point  x  of  the 
vane  -  curve  rotating 
with  the  velocity  x  g, 
and  with  the  relative 
velocity  of  flow  o:  /, 
has  the  absolute  ve- 
locity X  e.  By  the 
time  a  particle  en- 
teriug  at  a  has  reached  x,  this  point  will  have  advanced 
to  y,  and  therefore  y  lies  in  the  absolute  path  of  that 
particle,  which  has  the  absolute  velocity  y  e^  =  x  e,  the 
direction  of  y  e^  being  tangential  to  the  curve  of  the  path, 
and  obtained  by  rotating  the  vane-curve  a  ?>,  and  with 
it  the  constructive  parallelogram  x  f  e  y,  until  the  point 


1 


Vide  Chapter  V. 
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X  coincides  with  y,  when  the  new  position  of  x  e  gives  the 
direction  y  e^. 

The  force  exerted  by  the  water  on  the  vane  depends 
solely  on  the  absolute  velocity  of  the  former  and  the  form 
of  the  path ;  whether  this  be  the  result  of  a  rotary  or  rec- 
tilinear motion  is  immaterial.  The  effect  of  the  varying 
speed  of  the  vane  at  different  points  is  to  modify  the  curve 
of  the  absolute  path  and  the  absolute  velocity ;  or  if  the 
absolute  path  be  given,  then  the  relative  course  (or  vane- 
curve)  is  affected  from  the  same  cause.  A  particle  of 
water  in  passing  from  aio  d  over — let  it  be  supposed — a 
frictionless  revolving  plane  surface,  will  come  into  contact 
as  it  proceeds  with  points  passing  under  it  with  in(»^asing 
speed,  and  this  of  course  increases  the  resultant  relative 
velocity.  To  consider  the  so-called  effect  of  the  centri- 
fugal action  separately,  destroys  unnecessarily  the  unity 
of  treatment. 

The  action  of  water  flowing  along  a  curved  vane  or 
channel  depends,  with  given  velocities  of  flow,  entirely 
on  the  extent  to  which  it  is  deflected  from  its  original 
course,  and  the  fact  that  the  motion  of  all  points  of  the 
vane  is  not  uniform  does  not  in  principle  introduce  any 
new  element  into  the  problem. 

Returning  now  to  the  expression  previously  found  for 
the  work  done  by  water  flowing  over  a  rotating  vane 

it  may  be  stated  in  the  form 

W^  =  7/1  [  w^  (cg  sin  Oj  —  W2)  —  1^1  (Ci  sin  a^  —  Wi)] 
in  which  the  quantities  (cj  sin  a^  —  w^)  and  (c^  sin  a^  —  w^) 
correspond  respectively  to  Fg  and  Vi  as  previously  defined 
for  the  case  where  the  vane  has  a  uniform  motion ;  they 
can  be  easily  determined  graphically  in  an  exactly  similar 
manner,  as  shown  in  Fig.  13;  u\  and  ir,  however  take  the 
place  of  the  uniform  velocity  w  in  the  expression  for  W^, 
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Hence  W^  =  m  [w^  V^  —  m^  1^2].  (^^ 

where  Vy^  =^«ifl|^flH|HlBB^  =  c  fdn  a, 
and  F",  =  1/7,  —  c,  siri  a,  =  U  *m^, 
/3  being  the  angle  formed  with  the  radius  r,  by  the  direc- 
tion of  u. 


Fig.  13. 


/ 


It  will  be  seen  that  with  given  velocities  the  action  of 
the  water  upon  a  vane  dqiev-ds  only  on  the  angles  of 
entrance  and  exit,  and  not  upon  the  intermediate  form  of 
the  curve,  assuming  the  latter  to  be  continuous  and  the 
curvature  not  too  abrupt. 

By  making  w^  =  7r,  =  w  in  the  formula  for  W,  the 
latter  becomes 
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W,„  =  mw(V,  -   V,) 
the  expression  for  work  done  with  a  uniform  velocity  m 
of  the  vane,  as  previously  demonstrated. 

So  far  it  has  been  assumed  that  the  water  comes  into 
contact  with  the  vane  without  impact,  that  is,  it  glidc^i 
along  the  latter,  and  the  algebraical  condition  for  this 
[vifh  (A)  page  15]  is 

Wi  —  Cj  sin  a^  =  c  sin  a. 
c  »in  a  or  Vi  is  the  component  of  the  absolute  velocity 
of  flow  in  the  direction  of  the  motion  of  the  vane,  and  for 
a  given  velocity  is  independent  of  the  question  whether 
impact  takes  place  or  not,  the  force  required  to  deflect 
the  stream  remaining  the  same ;  hence  the  work  JF„,  can 
always  be  expressed  by  W„,  —  ???  [w^  (cg  si^i  a^  —  w^)  + 
v\  c  sin  a],  whether  the  water  enter  without  shock  or  not ; 
only  in  the  foi^mer  case,  however,  does  c  sin  a  bear  the 
relationship  above  given  to  the  speed  of  rotation  v\  and 
the  relative  velocity  c^. 

It  might  be  supposed  at  first  sight  that  as  the  ex- 
pression for  the  work  done  remains  unchanged,  it  is 
immaterial  whether  impact  occurs  or  not,  as  the  work 
done  would  in  either  case  be  the  same;  a  little  con- 
sideration will  show  that  this  is  not  so.  Impact  or 
sudden  retardation  of  flow   causes  a  loss  of  energy  from 

which  results  a  diminution  of  the 
absolute  and  relative  velocities  of 
flow.  Hence  under  given  condi- 
tions, although  the  formula  remain 
the  same,  different  values  have  to  be 
assigned  to  the  constituents  when  im- 
pact takes  place  than  when  the  water 
enters  parallel  with  the  guide-vane. 
A  special  case  will  illustrate  the  use  of  the  preceding 
formulas. 


Fig.  14. 
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Assume  that  the  water  enters  the  vane  in  a  direction 
paiullel  with  the  motion  of  the  latter,  and  leaves  in 
exactly  the  opposite  sense,  so  that  it  is  deflected  through 
360*",  the  velocity  of  the  vane  w  being  the  same  at  all 
points.  Under  these  conditions  a  =  90"  and  a*  =  90', 
consequently  »m  a  =  sin  Og  =  1,  and  the  force  X  exerted 
on  the  vane  is  by  (1) — 

X  =  m  (c  dn  a  +  Ci  sin  a^  —  w)  =  7ii  (r  +  c^  —  w)  ; 
if  the  vane  be   held   fast,  so  that  w  =  o,  and  assuming 


c  =  c 


2» 


X  =  hi  2  c. 

The  relative  velocity  Cj  =  c  —  u\  or  r  =  v:  +  t\^  when 

the  vane  is  in  motion ;  assuming  q  =  r„ 

X  =  VI  {w  +  t*i  +  Cj  —  'lo)  =  m  2  (',, 

and  the  work  done  W  =  7n  2  c^  v\ 


CHAPTER  II. 
ON  TURBINES  IN  GENERAL. 

Definition  of  turbine. — Classification. — Summary  of  classifica- 
tion and  subdivision. — Description  of  typical  turbines. — Reaction 
turbines. — Impulse  turbines. 

Definitions. 

A  TURBINE  is  a  motor  for  utilizing  the  energy  of  water 
by  causing  it  to  flow  through  curved  buckets  or  channels 
on  which  it  exerts  a  reactionary  pressure  constituting 
the  motive  force. 

As  distinguished  from  a  water-wheel,  in  the  older  and 
narrower  sense  of  the  word,  a  turbine  may  be  defined  as 
a  water-wheel  in  which  a  motion  of  the  water  relatively 
to  tlie  Jmckets  is  essential  to  its  action. 

A  turbine  consists  essentially  of  a  ring,  or  pair  of  rings, 
to  which  are  attached  curved  vanes  arranged  uniformly 
round  the  circumference,  revolving  on  a  shaft  or  spindle 
to  which  the  ring  or  pair  of  rings  is  connected  by  a  boss 
and  arms,  or  other  suitable  means. 

Classification. 

Turbines  may  be  divided  as  regards  their  construction 
into  three  classes:  radial,  axial,  and  combined  or  mixed 
flow. 

In  radial  turbines  the  water  in  passing  through  the 
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wheel  flows  in  a  direction  at  right  angles  to  the  axis  of 
rotation,  or  approximately  radially. 

In  aoAal  turbines,  otherwise  called  parallel-fimv  tur- 
bines, the  water  flows  through  in  a  direction  generally 
parallel  with  the  axis  of  rotation. 

In  combined  or  mixed-flow  turbines,  both  the  pre- 
viously-named systems  are  combined. 

All  turbines,  as  regards  the  behaviour  of  the  water  in 
them,  belong  to  one  of  two  kinds — that  which  works  with 
all  parts  entirely  full  or  droivned,  or  that  in  which  free 
deviation  and  air  in  the  buckets  is  required ;  these  have 
been  named  respectively  Reaction  and  Impulse  Turbines, 
and  although  the  terms  are  not  free  from  objection,  it  will 
be  convenient  to  adhere  to  them  as  being  generally 
adopted  by  writers  on  the  subject. 

In  reaction  turbines  it  is  essential  that  there  should 
be  continuity  of  flow  of  the  water  in  every  part  of  the 
motor  and  apparatus  connected  with  it.  Reaction  tur- 
bines may  be  used  in  conjunction  with  a  suction-tube,  the 
nature  of  which  will  be  subsequently  explained. 

In  impulse  turbines,  the  construction  is  such  that  the 
buckets  are  only  partially  occupied  by  the  \vater  passing 
through  them,  and  the  atmosphere  has  free  access  to  the 
remaining  space,  so  that  the  inflow  always  takes  place 
under  atmospheric  pressure. 

In  some  cases  the  water  only  enters  into  a  part  of  the 
whole  number  of  buckets  at  a  time ;  the  turbine  is  then 
said  to  hQ,ye  partial  admission. 

Generally  both  reaction  and  impulse  turbines  are  pro- 
vided with  guide-vanes  from  between  which  the  water 
enters  the  buckets  of  the  wheel ;  as  the  name  implies, 
they  cause  the  water  to  enter  in  the  desired  direction. 

The  classification  and  subdivision  of  types  of  turbine 
may  be  summarized  as  follows : — 
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Rmctii.n  Turbimw, 
dutwanl  I1..B 

Downwftnl  „ 
A't'ol             Upwa«l     „ 

In  wan!  „ 
Combined 

up 

liupulM.  Turbine-. 

^^'">    {?pr.r:; 

1  Inwnrd       „    ii|i 
Combined  -,                          or 

(  Ontwanl    „  down.  (  Outward     „  down. 

With  or  witliont  Biiction-tiib*!.      Without  euction-tubea. 
With    vertical    or   horiK>nlaI  \     Witbont  total  or  partial  adniis- 
xe?.  .  sion  ;  vertical  or  huri/ontal  axes. 


Figs.  15,  16,  nml  17  show  in  principle  respectively  the 
construction  of  n  radial,  axial,  and  combined  turbine. 
Fig.  15. 
£/evation 
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In  Fig.  15,  the  guide-vanes  and  wlieel  of  a  radial 
outward-dow  turbine  are  shown.  In  Fig.  16  both  the 
guide-apparatus  and  wheel  of  a  Jonval  or  axial  tnrbine 
are  represented;  B  is  the  outer  casing  of  the  guides,  of 
which  b  is  one  of  the  vanes  and  c  the  stuffing-box  tlirough 

Fig.  17.' 


which  the  shaft  passes.     A  is  the  wheel,  and  a  one  of  the 
bucket- vanes. 

Fig.  17  illustrates  the  construction  of  the  wheel  of  a 
combined  or  mixed-flow  tnrbine,  and  Fig.  17a  shows  a 
horizontal  section  through  guides  and  wheel,  B  B  being 

'  Figi.  17  »nd  17a  are  illustrations  of  a  "Rifldoii"  tiirl.ine,  for 
wtneh  tlie  anthor  ia  indebted  to  the  makerx. 
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the  guides,  and  A  A  the  wheel-vanes.     Thfi  guides  are 
similar  to  those  for  a  radial  inwanl-flow  wheel. 


Description  of  Typical  Turbines. 
Reaction  Turbines. 

Radial  Ouhvard  Flow.  As  representative  of  the  radial 
mUvxird-ftmo  class  may  be  taken  the  Foarrwyron  turbine — 
so  called,  as  in  other  instances,  from  its  inventor ;  it  was 
practically  the  first  of  the  turbines  in  the  modem  sense 
of  the  term,  although  there  existed  previously  primitive 
forma  of  motors  which,  strictly  speaking,  were  turbines  as 
regarded  the  mode  of  action  of  the  water  on  them.* 

'  For  the  illuetratioiis  Figs.  IG  nnd  18,  as  well  as  eomB  others, 
the  author  is  indebtpd  to  Armengntul's  work,  "  Lea  Moteurs 
Hydrauliquea." 
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In  Fig,  18  is  shown  a  Founjoyroii  turbitie  of  an  early 
type   discharging  above   water,      i/  is   a   tube    through 


FaorneyTou  Torljiuc. 
which,  under  the   pressure  due  to  the   head,  the  water 
eotera  the  casing  A;  from  there  it  passes  through  the 


ao 
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guide- passages   p  p,   &c.,   shown   in   the  sectional   plan 
Fig.  19,  into  the  wheel  c  of  which  v  v,  &c.  are  the  vanes. 

The  regulation  is  effected  by  means  of  a  circular  sluice- 
gate, by  which  the  depth  of  the  passages  through  which 
the  water  enters  the  wheel  can  be  reduced  ;  motion  is 
transmitted  to  the  gate,  through  the  spindle  a  and  an 
arrangement  of  a  wheel  and  pinions,  from  the  hand-ciank 
F.  Through  the  bosses  of  the  pinions,  which  act  as  nuts, 
pass  the  screwed  rods  by  means  of  which  the  gate  is  raised 
Fig.  10. 
I 


Fouraeyron  Tnrbioe. 
and  lowered.     The  vertical  shaft  on  which   the  turbine 
revolves  conies  at  its  upper  end  a  bevel  pinion,  from  which 
the  power  is  transmitted  to  the  machinery  to  be  driven. 

The  water  enters  the  wheel-buckets  v  v,  &c.,  in  the 
direction  imparted  to  it  by  the  guide-passages  p  p,  &c., 
but  after  entering  is  deflected  from  itd  original  course,  and 
in  consequence  exerts  a  certain  pressure  ou  the  concate 
side  of  the  vanes  v  by  which  the  wheel  is  driven  round. 

The  guide-vanes  and  apparatus  are  stationary,  and 
arranged  concentrically  with  the  wheel. 

Fig.  20  illustrates  another  arrangement  of  a  Foumeyrou 
turbine  for  a  low  fall. 
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The  wheel  D  is  divided  by  horizontal  partitioDs  into 
three  parts,  1,  2,  and  3,  which  are  in  fact  separate  turbines 
coDnected  together,  one  above  the  other.  The  water 
enters  from  a  wooden  reservoir  A  into  the  guide-wheel  C, 
which  IB  furnished  witli  vanes  similar  to  those  shown  in 
Fig.  19,  and  extending  from  B  to  C;  tbence  it  flows  into 
the  wheel  D.  By  means  of  the  sluice-gate  a,  in  which 
Fig.  20. 
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Triple  Foonieyrou  Turbine. 

there  are  slots  to  admit  the  guide-vanes,  the  water  can  be 
shut  off  iu  succession  from  the  parts  3,  2,  and  1  of  the  wheel. 
This  turbine  is  shown  working  drowned  ;  the  mechanical 
construction  is  essentially  the  same  whether  the  turbine 
works  in  that  way,  or  discharges  above  water. 

When  however  the  discharge  takes  place  above  water, 
there  is  always  a  risk  of  the  wheel  working  as  an  impulse 


32  HYDBAULIC  MOTORS. 

turbine  owiag  to  tlie  buckets  not  being  filled  with  water 
at  startiog. 

There  are,  of  coui'se,  inauy  inodificatioDs  of  tlie  Four- 
oeyron  turbine,  but  tbey  are  all  essentially  of  the  same 
construction,  ami  tlie  same  theory  applies  to  all.   This  type 
Fig.  21. 


Inward- Flow  TarbiDe. 


is  chiefly  adopted  in  France,  where  it  originated  ;  in  other 
parts  of  Europe  the  axial  construction  is  more  in  favour, 
while  the  Americana  prefer  inward  and  mixed-flow  turbines. 

Fourneyron's  wheel  is  iiot  used  with  a  suction-tube. 

Radial  Imcard  FUnv.     Of  this  class  the  Vortex  Turbine 
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Fig.  22. 


Inward -Flow  Turbine. 


of  Prof.  James  Thomson  and  the  radial  inward-flow  wheel 
of  Francis  may  be  taken  as  types.  Fig.  21  shows  the 
general  arrangement  of  one  of  the  latter  working  with  a 
suction-tube.  The  water  from  the  reservoir  R  enters  the 
guide- wheel  G  which  surrounds  the  wheel  JF",  flowing 
towards  the  centre ;  after  passing  through  the  buckets,  it 
is  gradually  deflected  downwards  by  the  curved  surface  of 
the  top  part  of  the  wheel,  so  that  it  enters  the  suction-tube 
Tin  a  vertical  direction,  and  passes  out  into  the  tail-race. 
The  arrangement  of  the 
guide  and  wheel-vanes  P 
and  Fis  illustrated  in  Fig. 
22.  As  compared  with  the 
Foumeyron  turbine,  guide 
apparatus  and  wheel  have 
changed  places,  the  for- 
mer being  placed  con- 
centrically outside  the  latter. 

It  is  easy  to  see  how  the  mixed-flow  has  been  developed 
out  of  the  inward-flow  turbine  by  continuing  the  vanes 
into  that  part  of  the  wheel  where  the  water  assumes  a 
vertical  direction,  so  that  the  radial  flow  is  changed  into 
an  axial  flow  while  the  water  is  in  the  buckets  instead  of 
after  it  has  left  them. 

In  the  turbine  under  consideration  the  plate  P  sustains 
the  pressure  of  the  column  of  fluid  above  the  wheel ;  it  is 
connected  at  various  points  with  the  guide-wheel  G.  The 
vertical  shaft  is  supported  in  an  ordinary  footstep  on  the 
floor  of  the  tail-race,  and  passes  through  a  stuffing-box 
in  P. 

The  outflow  from  the  suction-tube  always  takes  place 
under  water,  this  being  essential  to  its  efficient  action  with 
whatever  type  of  turbine  it  may  be  employed. 

As  generally  constructed,  the  suction-tubes  of  turbines 
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are  of  uniform  diameter  throughout  the  greater  part  of 
their  length.  Their  action,  however,  is  improved,  as  will 
be  subsequently  explained,  by  a  gradual  enlargement  to- 
wards the  lower  end ;  this,  however,  somewhat  increases 
the  cost. 

The  chief  purpose  of  a  suction-tube  is  to  enable  the 
wheel  to  be  placed  at  a  considerable  height  above  the  tail- 
water  level,  an  object  which  in  many  cases  is  for  practical 
reasons  very  desirable,  as  it  renders  the  wheel  more  easily 
accessible,  and  a  shorter  shaft  is  required  than  would 
otherwise  be  necessary. 

Fig.  23. 
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Mixed-Flow  Turbine. 


Mix^  Flow.     Fig.   23    shows    an   inward    mixed-flow 
turbine   without    suction-tube,  in   which   the   regulation 
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IS  eflected  by  means  of  a  circular  sluice-gate  passing 
between  the  guide  apparatus  anJ  wheel,  ia  the  clearance 
space. 

The  wlieel-vanes  extend  from  A  to  B,  instead  of  termin- 
ating at  C,  as  represented  by  the  dotted  lines. 

The  shaft  is  suspended  Itotii  a  collar  bearing,  and  passes 
througli  a  second  bearing  at  S. 

raraihl-Flmi!  or  Axial  Turbine.  Fig.  24  illustrates  an 
axial  or  parallel-flow  turbine  of  the  usual  construction, 
which  may  be  taken  as  representative  of  this  class. 

It  is  of  the  type  generally  known  as  a  Jonval  turbine, 
fram  the  name  of  the  engineer  who  first  practically  intro- 
duced it,  and' is  moro  extensively  adopted  in  Europe  than 
any  other  form  of  reaction  wheel. 

It  consists  essentially  of  three  parts:  the  guide  appar- 
atus 6,  the  wheel  W,  and  the  suction  and  off-flow 
tube  T. 

The  guide  apparatus  consists  of  two  concentric  casings, 
in  the  annular  space  between  which  are  secured  the  guide- 
vanes,  and  a  dished  or  conical  cover  or  plate  over  the  space 
within  the  inner  casing,  having  in  the  centre  a  water-tight 
bearing  or  stuffing-box,  through  which  the  shaft  ]>a53es. 
This  cover  is  so  constructed  as  to  bear  the  pressure  of  the 
column  of  water  above  it,  and  forms,  so  to  speak,  a  part 
of  the  bottom  of  the  reservoir  from  whicli  tlie  turbine 
draws  its  supply. 

The  shape  of  the  casings  and  cover  should  be  such 
as  to  offer  as  little  resistance  to  the  flow  of  the  water  as 
possible. 

The  wheel  or  runner  consists  of  two  concentric  rings 
connected  by  curved  vanes  which  form  the  buckets,  and 
secured  by  arms  to  a  boss  keyed  to  the  vertical  shaft.  Jn 
some  of  the  older  turbines,  a  single  ring  only  was  used  for 
the  wheel,  with  the  vanes  projecting  from  the  circumfer- 
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ence  and   unconnected   with   each   other  at  their   outer 
ends. 

The  vanes  are  either  cast  in  one  with  the  rest  of  the 
wheel,  or  made  of  separate  sheets  of  wrought-iron  or  steel 
let  into  the  cast-iron  rings.  They  are  shown  in  section  in 
Fig.  26.  The  water  enters  vertically  between  the  guide- 
vanes,  is  given  by  thern  the  desired  direction  in  which  it 
enters  the  wheel, 
and  is  then  dur- 
ing its  passage 
throngh  the  latter 
deflected  by  the 
wheel-vanes,  and 
issues  from  the 
passages  between 
them,  into  the 
suction  -  tube  or 
tail-race. 

The  section  shown  is  on  the  development  of  a  cylindrical 
surface  of  the  mean  diameter  of  the  wheel. 

The  suction-tube — or  draft-tube — is  a  large  cast-iron 
pipe,  which  corresponds  in  diameter  at  its  upper  end  with 
the  outer  ring  of  the  wheel,  where  it  surrounds  the  latter 
with  sufficient  clearance  to  insure  free  motion. 

At  the  lower  end  is  a  cylindrical  sluice  of  cast-  or 
wrought-iron,  under  which  the  water  flows  off  into  the 
tail-race;  the  out-flow  orifice  of  the  suction-tube  must 
always  be  submerged  to  secure  its  proper  action. 

The  sluice  can  be  raised  or  lowered  from  the  floor 
above  the  turbine  by  rods  actuated  by  a  suitable 
mechanism. 

Fig.  26  represents  a  Jonval  turbine  with  double  buckets, 
and  without  suction-tube. 

The  wheel  consists  practically  of  two  concentric  wheels 
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whicb  can  be  shut  off  from  tlie  action  of  the  water  by  a 
series  of  valves  or  covers  actuated  by  rods  each  worked 


from  a  rack  and  pinion.     The  rest  of  tbe  construction  will 
be  quite  clear  after  tbe  preceding  descriptions. 
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Impulse  Turhiyie^s. 

Radial  (hUward  Mauf.  In  some  cases,  as  has  been 
already  mentioned,  Fourneyron's  turbines  discharged  above 
the  tail-water  level,  and  under  those  circumstances  worked 
as  impulse  turbines,  in  which  the  water  leaves  the  guide 
passages  against  atmospheric  pressure :  generally  speak- 
ing, however,  a  Foumeyron  wheel  is  intended  to  work 
drowned,  and  does  not  come  within  the  system  of  itnpulse 
turbines. 

Zuppinger's  so-called  tangent  wheel  was  one  of  the  first 
types  of  radial  outward-  as  well  as  inward-flow  impulse 
turbines,  intended  to  be  used  for  high  falls,  for  which  the 
dimensions  of  reaction  turbines,  obliged  to  work  full  of 
water,  would  become  impracticably  small.  An  illustration 
of  this  class  of  motor  is  given  in  Fig.  27,  with  inward  flow. 

The  water  is  conducted  from  the  tank  or  reservoir  A 
through  the  pipe  B  into  the  nozzle  or  mouthpiece  C,  which 
is  furnished  at  the  outlet  with  guide-vanes  if  suflSciently 
wide. 

From  the  nozzle  the  water  enters  the  wheel  F  on  the 
outer  circumference,  and  flows  through  the  buckets  in  a 
radial  direction,  leaving  at  the  inner  circumference. 

It  will  be  seen  that  the  quantity  of  water  used  is  only 
sufficient  to  act  upon  a  few  vanes  at  a  time ;  hence  the 
tangent  wheel  is  a  turbine  with  only  partial  admission. 
The  regulation  is  effected  by  means  of  the  slide  JD  actuated 
by  a  rack  and  pinion  E.  The  tangent  wheel  has  generally 
been  made  for  inward  flow,  but  many  with  outward  flow 
have  been  constructed. 

The  French  engineers  Gallon  and  Girard  commenced  in 
1856  to  design  impulse  turbines  for  all  possible  conditions, 
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high  aiiti  low  falls,  Eargc  and  small  <{uautities  of  water. 
These  turbines  were  made  both  axial  anil  radial,  with 
horizontal,  vertical,  and  inclined  axes.   The  impulse  turbine 


has  in  consequence  become  asaoc  ated  w  li  tl  c  i  i  c  ot 
Oirard,  and  every  var  ety  of  impulse  turb  ne  now  goes  by 
the  aomc  of  a     Girar  I     t  rb  ne     Oqc  of  tl  e  1 1  prove- 
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ments  introduced  by  Girard  consisted  in  the  ventilation 
of  the  buckets  for  the  purpose  of  insuring  atmospheric 
pressure  in  the  latter,  and  preventing  the  water  from 
filling  them  and  working  as  in  a  reaction  wheel. 

Sadial  OtUward-Flow  Oirard  Turbine.  Fig.  28  shows  a 
turbine  of  this  class,  in  which  the  water  is  conducted  to 
the  guide  apparatus  B  through  the  tube  A,  entering  the 
wheel  at  the  inner  circumference.  It  will  be  seen  that 
the  cross-section  of  the  wheel-casing  is  bell-mouthed,  the 
buckets  being  wider  at  the  outlet  than  at  the  inlet ;  the 
object  of  this  construction  will  be  subsequently  explained 
— ^nearly  all  turbines  of  the  Girard  type  are  made  in  this 
way.  The  bearings  for  the  shaft  are  so  arranged  as  to  be 
both  above  water.  This  is  effected  by  using  a  hollow 
shaft  having  in  its  upper  part  a  kind  of  open  frame  or 
lantern  in  which  the  pivot  is  fixed  which  carries  the 
weight  of  the  motor;  this  pivot  bears  on  a  fixed  spindle 
carried  up  through  the  hollow  shaft  and  supported  in  a 
socket  on  the  bed  of  the  tail-race. 

In  Fig.  29  is  shown  a  radial  outward-flow  Girard  tur- 
Inne  with  a  horizontal  axis.  The  admission  of  water  through 
the  pipe  and  guide  passages  is  only  partial ;  the  water 
leaves  the  wheel-buckets  in  a  vertical  absolute  direction. 
Turbines  of  this  pattern  have  recently  been  made  in 
considerable  numbers  for  very  high  falls. 

Axicd'FUno  Girard  Turbine.  Fig.  30  illustrates  an  axial 
impulse  turbine.  Tn  general  arrangement  it  resembles  a 
Jonval  turbine,  but  has  ventilated  buckets,  and  the  latter 
are  widened  at  the  lower  end,  where  the  outflow  takes 
place.  The  regulation  of  this  type  of  wheel  is  effected  by 
various  means,  to  be  subsequently  described ;  that  shown 
in  the  illustration  consists  of  a  series  of  vertical  slides, 
by  which  the  guide  passages  are  closed.  These  slides 
are  raised  or  lowered  from  the  floor  above  the  turbine  by 
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vertical  rods  actuated  from  a  kind  of  liorizontal  cam  ;  each 
rod  works  three  slides. 

The  cross-section  of  the  ^'J^-  ^'• 

wheel-casing  and  buckets 
and  form  of  the  vanes  is 
shown  in  Figs.  31  an<l  3lA, 
with  the  apertures  for  ven- 
tilation, a  being  the  guiiie- 
vanc3,  h  the  wheel-vanea, 
and  c  the  ventilating  aper- 
tures. 

Referring  again  to  the  illustration  Fig.  30,  w  is  the  guide 
apparatus,  tp,  the  wheel,  x  a;,  cast-iron  columns,  four  in 
alt,  supporting  the  guide-casing ;  v  is  a  cover,  connected 
with  the  guide  apparatus,  which  supports  the  column  of 
water  in  the  chamber  above  the  wheel;  y  a  socket 
carrying  the  fixed  spindle  j>  passing  up  through  a  hollow 
cast-iroD  shaft  terminating  at  the  top  in  the  lantern  m , 
which  is  connected  with  a  bearing  spindle  running  on 
the  upper  end  of  jj;  h  is  the  vertical  wrought-iron 
driving  shaft  coupled  to  the  hollow  cast-iron  sliaft;  i  a 
bearing  for  k,  bolted  to  n  horizontal  cast-iron  girder/:; 
r  the  horizontal  cam  by  which  the  rods  t  u,  attached  to 
the  regulating  slides  of  the  guide  apparatus,  are  raised 
or  lowered;  ^,  the  conducting  tube  by  which  the  water 
is  conveyed  to  the  turbine;  i(,  a  girder  supporting  the 
floor  of  the  turbine  house;  z  and  a,  foundations  for  the 
socket  y  and  the  columns  x  and  x^.  The  dimensions 
shown  are  metric 

There  is  of  course  a  vast  number  of  varieties  of  turbines, 
but  tbe  preceding  examples  are  sulKcient  to  give  the 
reader  a  fair  idea  of  the  leading  features  of  various 
types,  and  it  does  not  come  within  the  scope  of  this 
work   to  ent«r   at    length    into   details  of   construction. 
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Several  kinds  of  turbines  have,  moreover,  merely  an  historic 
interest,  their  coustmction  having  become  obsolete.     It 
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should  be  mentioned  that  some  turbines  have  been  made 
without  guide-vanes,  in  which  case  the  water  is  generally 
assumed  to  have  on  entering  an  absolute  direction  at 
right  angles  to  that  of  the  motion  of  the  wheel-vanes. 

The  relative  merits  of  reaction  and  impulse  turbines, 
the  methods  of  regulation,  constniction  of  the  vanes,  &c., 
will  be  discussed  in  another  part  of  this  work ;  but  before 
dealing  with  the  theory  of  turbines,  the  author  has 
considered  it  necessary  to  give  the  foregoing  description 
of  the  essential  constniction  of  different  systems. 


CHAPTER  III. 

GENERAL  THEORY  OF  REACTION  TURBINES. 

Essential  parts  of  reaction  turbine  with  suction-tube. — Comparison 
with  system  of  pipes. — Available  energy. — Nature  of  resistances  to 
flow  of  water. — Fundamental  relations.— General  equations  for  work 
and  efficiency. — ^Theory  of  suction-tube. — Pressures  at  orifices. — 
Available  energy  for  wheel. — Formula. — Pressure-differences  at 
orifices. — ^Limit  of  height  for  wheel  in  suction-tube. — Further 
explanation  of  action. 

Useful  work. — Expression  for  useful  work. — Application  to  tur- 
bines of  action  of  water  on  curved  vanes. — Arrangement  of  vanes. 
— Formulas  for  total  work  done  for  radial,  axial,  and  mixed-flow 
wheels. — ^Velocity  of  flow. — Interdependence  of  velocity  of  flow  in 
all  parts  of  turbine. — Difl'erences  between  reaction  and  impulse 
turbines. — Method  of  determining  velocity  of  flow. — Formulas  for 
velocity  of  flow. — Numerical  example. — Dependence  of  velocity  of 
flow  on  speed  of  rotation. — Effect  of  absence  of  suction- tube. — Effect 
of  losses  on  velocity  of  flow. — Complete  formula. — Range  of  velocity 
of  flow  compared  with  that  due  to  head. — Experimental  re8ults 
showing  relation  between  velocity  of  flow  and  speed  of  rotation. 

Notation  employed. 

c^  =  velocity  of  flow  in  supply  or  conducting-pipe. 
c  =  absolute  velocity  of  water  leaving  guide  passages 
=  "  velocity  of  flow." 
c,  =  relative  velocity  of  water  entering  wheel-buckets. 
Ci  =  relative  velocity  of  water  leaving  wheel-buckets. 
C3  =  velocity  of  water  in  suction-tube. 
c^  =  velocity  of  water  leaving  suction-tube. 
7r^  =  velocity  of  rotation  of  wheel  at  inflow. 
w^  =  velocity  of  rotation  of  wheel  at  outflow. 
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a  =  angle  of  outflow  from  guides. 

ai  =  relative  angle  of  inflow  into  wheel. 

Og  =  relative  angle  of  outflow  into  wheel. 

A  =  effective  outflow  area  of  guide  passages. 

A I  =  effective  inflow  area  of  wheel-buckets. 

A2  =  effective  outflow  area  of  wheel-buckets. 

A3  =  sectional  area  of  flow  for  suction-tube. 

A4  =  effective  outflow  area  for  suction-tube. 

rj  =  radius  of  wheel  at  inflow. 

9*2  =  radius  of  wheel  at  outflow. 

A\,  =  available  energy  per  unit  weight  of  water. 

€  =  relative  efficiency. 

W^  =  useful  work  done  per  unit  weight  of  water  per 
second. 

ly  =  total  useful  work  per  second. 

L^  =  losses   per   unit  weight   of  water  by   hydraulic 
friction,  &c. 

Ci  Cai  &c.  =  experimental    co-efficients    for    frictional 
losses,  &c.,  corresponding  with  velocities  of  flow,  c,  c^,  &c. 

^,  =  pressure  of  water  (in  "  head ")  on  leaving  guide 
passages. 

p,^  =  pressure  of  water  on  leaving  wheel-buckets. 

a  =  atmospheric  pressure. 

g  =  acceleration  due  to  gravity  =  32*1889  at  sea-level, 
London,  taken  for  practical  purposes  as  32*2. 

h  =  available  head. 

For  the  purpose  of  investigation  it  will  be  convenient 
to  take  an  inward-flow  (Francis)  turbine  as  a  type  of  the 
reaction  turbine.  Fig.  32  represents  the  general  con- 
struction of  one  of  these,  which,  with  the  aid  of  the 
illustrations  previously  given,  will  be  clear  without 
detailed  description.  The  water  enters  the  guide 
passages  from  a  conducting  channel  or  tube  of  the 
length    l^  and   sectional   area  A^,  in    which   it  has  the 
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velocity  c^;  it  passes  through  the  guide  passages  into 
the  turbine  wheel,  and  from  the  latter  with  the  velocity 
c,  through  a  suction-tube  of  the  length  /j,  sectional  area 
Aj  and  diameter  rfg,  out  under  a  cylindrical  sluice.  The 
area  of  the  outflow  orifice  below  the  sluice 
corresponding  velocity  of  outflow  c^. 

Fig.  82. 


is  A^f  the 


luward-Flow  Turbine. 

The  total  available  head  of  water  is  h;  the  depth  of 
the  middle  .of  guide  passages  below  the  upper  water 
level  hi ;  that  of  the  tail- water  level  from  the  former  h^ ; 
hence  Aj  +  h^  =  h. 

The  whole  arrangement  forms,  so  to  speak,  one  system 
of  pipes,  to  which  apply  the  general  principles  of  hydro- 
dynamics for  the  relations  between  pressure  and  velocity 
with  continuity  of  flow. 
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In  passing  through  the  system  the  water  meets  with 
various  resistances,  to  overcome  wliich  it  has  to  do  work, 
and  leaves  the  apparatus  with  a  certain  residual  velocity 
which  has  been  denoted  by  c^. 

The  available  energy  for  each  pound  of  water  passing 
through  the  system  under  the  action  of  the  pressure  due 
to  the  head  his  JS^  =  h;  this  is  expended  in  overcoming 
resistances  and  producing  velocity. 

Now  the  resistances  are  of  two  kinds — that  offered  by 
the  wheel,  in  overcoming  which  useful  work  is  done,  and 
that  due  to  friction,  impact,  and  other  obstinictions,  the 
energy  expended  on  which  is  lost. 

Hence  there  results  the  equation  : — 

Available  energy  =  Useful  work, 

+  Work  lost  on  friction,  &c., 
+  Energy  remaining  in  water  (due  to 
velocity  c^). 

Denoting  these   three   quantities  respectively  by   W^, 

i„,  and  -^  — where  g  is  the  acceleration  due  to  gravity — 
there  follows : — 

(1)  £„  =W„  +  /..  +  f- 

and  W^  =  i'„  -  (Z„  +  ^). 

Assuming  for  a  moment  that  there  are  no  losses  by 
friction,  impact,  &c.,  and  therefore  that  L^  =  0,  then 

{\a)    W„  =  ^«  -  ^ 

and  the  only  portion  of  the  available  energy  not  expended 
in  doing  useful  work  is  that  carried  off  in  the  kinetic  form 
by  the  outflowing  water. 

It  is  evident  from  this  that  the  less  the  value  of  c^  the 
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greater  will  be  W^,,  the  work  done  by  the  turbine,  and 
consequently  the  greater  the  efficiency  of  the  latter ;  for 
the  extreme  case  that  W^  =  0,  i.  e.  no  work  is  done, 

^«  =  ^  =  A  or  c,  =  ^^gh^ 

the  whole  available  energy  is  converted  into  kinetic  energy, 
and  the  velocity  c^  is  that  due  to  the  whole  head. 

The  efficiency  of  the  turbine  is  the  ratio  of  the  useful 

W 
work  done  to  the  available  energy  or  ^",  substituting  the 

foregoing  values  from  (1) 

(2)  Efficiency  €  =  _^      .--  =  1^« 

The  preceding  formulas  apply  both  to  reaction  and 
impulse  turbines ;  in  the  case  of  the  latter,  and  of  reaction 
turbines  without  a  suction-tube,  c^  denotes  the  absolute 
velocity  with  which  the  water  leaves  the  wheel. 

To  reaction  turbines  the  principle  of  continuity  and  the 
hydro-dynamic  equation  apply. 

The  conditions  of  continuity  are,  vide  p.  9, 

where  A  AiA^  represent  the  sectional  areas  of  the  pipes 
and  passages  through  which  the  water  flows  at  different 
points,  measured  in  planes  at  right  angles  to  the  direction 
of  motion  \  c  c^c^  the  velocities  of  flow  at  these  points — 
similar  indices  denoting  corresponding  quantities — and 
Q  the  quantity  of  water  passing  through  the  system  per 
second. 
The  hydro-dynamic  equation  has  the  form,  vide  p.  8, 

IP+^^'^Pl+Tg   +   K 
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where  p  and  p^  denote  the  pressures  expressed  as  heads  of 
water  (in  feet)  at  any  two  points,  c  and  c^  respectively  the 
coiTesponding  velocities,  and  Aj  the  difference  in  level  of 
tlie  two  points,  the  increase  or  diminution  of  head. 


TJieory  of  S  actio  a- Tube. 

It  has  been  already  stated  that  within  certain  limits 
the  wheel  may  be  placed  at  any  height  within  the  suction- 
tube  ;  it  is  now  necessary  to  explain  the  reasons  for  this 
fact. 

The  water  leaving  the  guide  passages  and  entering  the 
wheel-buckets  has  a  certain  absolute  velocity  c  represent- 
ing a  corresponding  amount  of  kinetic  energy  available 
for  doing  work  on  the  turbine.  At  the  mouth  of  the 
guide  passages,  in  an  imaginary  cylindrical  surface  divid- 
ing the  guide  apparatus  from  the  turbine,  there  exists 
a  pressure  Pi ;  at  the  orifices  of  the  wheel-buckets  where 
the  water  leaves  the  latter  a  pressure  p^  which  may  be 
assumed  to  be  less  than  p^.  It  is  evident  that  the  ditfer- 
ence  in  the  pressures  pi  and  jh  ^^  ^^o  available  for  doing 
work  on  the  turbine,  by  increasing  the  velocity  of  the 
water  during  its  passage  through  the  buckets. 

Hence  the  total  available  eiiergy  for  the  wheel  is  that 
due  to  the  velocity  of  entrance  c,  ^j/ws  that  duo  to  the 
difference  of  pressure  p^^  —  P^ot 

(3)  Available  energy  -i^i  =  -^-  +  ??i  —  2^2  for  the  unit  of 

weight. 
If  the  water  leaves  the  buckets  at  a  lower  level  than 
tliat  at  which  it  enters,  as  in  a  mixed  or  axial-flow  turbine, 
then,  h^  being  the  difference  of  level, 
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^1  =  g-  +  ?>i  -  ;>2  +  K 

Now  with  reference  to  Fig.  32  it  will  be  clear  that 

hi  —  Pi  +  a  =  - — t-  Loss  of  energy  Zj ;  L^  being  the 

loss  of  energy  incurred  by  the  water  up  to  the  moment 
of  its  exit  from  the  guide  passages,  and  a  the  atmospheric 
pressure  on  the  upper  surface   of  the  water.     Similarly 

(^)  2^  +  ^2  +  *2  "  ^  =  2^  "^  ^^* 

where  Zj  is  the  loss  of  energy  sustained  by  the  water 
from  the  moment  of  leaving  the  wheel-buckets  to  its  exit 
from  the  suction-tube,  and  u  the  absolute  velocity  with 
which  the  water  leaves  the  wheel.  . 

From  a  combination  of  the  two  equations  the  value  of 
the  difference  of  pressure  is  obtained — 

c         c  tC^ 

(4)  2?i  -  |?2  =  (A,  +  h^)  -  2^  -  2g  -  A  -  A  +2g' 

Now  hi  -h  Aa  =  A,  and  owing  to  the  condition  of  con- 
tinuity all  the  different  velocities  may  be  expressed  in 
terms  of  any  one  of  them — c  for  instance — and  the  ratios 
of  the  corresponding  sectional  areas  A  A^,  &c.  Further, 
the  losses  L^  L^  may  be  stated  in  the  form 

CiT  and  C2"7"*  where  (^  and  C2  ^re  factors  made  up  of 

^y  ^y 

the  ratios  of  the  sectional  areas  and  certain  experimental 
co-efficients ;  they  may  be  combined  with  the  equivalents 

for  ^  and  -r-  and  all  expressed  in  the  form 

(•^)  ^'  2!,  =  {ii,-2i,  +  ^^'  +  4 
Substituting  this  in  equation  (4)  there  follows — 
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(6)  P^-P,  =  h-(1  +  C)  Yg' 
and  this  again  in  equation  (3)  — 

that  is  to  say,  the  energy  available  for  doing  work  in 
the  wheel  is  that  due  to  the  total  head  h,  less  the  various 
losses  incurred  previous  to  entering  and  after  leaving  the 
wheel-buckets,  and  is  quite  independent  of  the  level  at 
which  the  wheel  is  placed  in  the  suction-tube,  within  the 
limits  already  mentioned. 

The  velocity  of  flow  c  from  the  guide  passages  is — as 
will  be  subsequently  shown — determined  quite  inde- 
pendently of  the  position  of  the  wheel  relative  to  the 
tail-water  level.  Hence  it  is  clear  from  equation  (6)  that 
the  pressure  difference  j)i  —  p^  is  also  unaflfected  by  the 
height  of  the  wheel  in  the  suction-tube. 

Apart  from  mathematical  demonstration,  this  phe- 
nomenon is  explained  by  the  statement  that,  as  the 
wheel  is  placed  higher  or  lower,  the  pressures  where  the 
water  enters  and  where  it  leaves  the  buckets  are  respect- 
ively lowered  or  raised  by  the  same  amount,  so  that  tJie 
difference  remains  constant. 

It  must  be  borne  in  mind  that  each  of  these  pressures 
Pi  and  P2  depends  not  only  on  the  depth  of  the  points 
where  it  occurs  below  the  surface  of  the  water,  but  also 
on  the  velocity  of  flow  at  those  points. 

It  remains  to  be  shown  what  is  the  limit  of  height  at 
which  the  wheel  may  be  placed  in  the  suction-tube  above 
the  tail-water  surface. 

By  transposing  the  equation  (3a)  the  following  expression 
for  P2  is  obtained — 
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if  no  flow  were  taking  place,  or  the  velocity  of  flow  were 
so  slow  as  to  be  negligible,  c^  and  it  would  both  be  nil, 
and  therefore  also  the  sum  of  the  losses  L^ ;  in  that  case 

j?j  =  a  —  Aj. 

The  smallest  possible  value  of  j>2  is  ^^  course  nil,  and 
would  occur  when 

a  =  A2, 
that  is  to  say,  if  there  were  no  flow  the  maximum  possible 
height  of  the  wheel  above  the  tail-water  would  be  equal 
to  the  atmospheric  column ;  the  atmospheric  pressure 
exactly  balancing  the  head  h^.  If  under  these  conditions 
flow  commences,  it  is  clear  that  the  pressure  of  the 
atmosphere  is  no  longer  capable  of  supporting  the  same 
height  of  column  as  before,  since  to  the  action  of  the 
head  h^  is  now  added  the  momentum  of  the  water  issuing 
from  the  tube. 

The  following  considerations  will  serve  to  render  the 
action  of  the  suction-tube  in  a  turbine  more  clear : — 

Let  X  Yy  Fig.  33,  be  a  tube  in  which  a  column  of 
water  of  the  height  B  J)  =  h  is  maintained ;  at  the 
lower  end  B  there  exists  atmospheric  pressure  a  (ex- 
pressed in  head  of  water),  opposed  to  which  is  the  head 
k,  plvs  the  atmospheric  pressure  a  acting  on  the  upper 
surface  at  i>;  the  atmospheric  pressure  at  the  lower  end 
balances  that  on  the  upper  surface,  so  that  the  fluid  flows 
out  under  the  pressure  due  to  the  head  h.  Suppose  the 
tube  continued  and  bent  up  as  shown  in  Fig.  34,  and 
that  at  the  end  0,  which  is  closed,  there  is  a  vacuum, 
while  instead  of  the  atmospheric  pressure  at  B  there  is 
substituted  a  column  of  water  B  C  =  a. 

The  column  B  C  balances  an  equal  column  B  A  in  the 
other  arm  of  the  tube,  so  that  B  A  =  a;  therefore  the 
excess  of  pressure  at  A  tending  to  produce  a  flow  of  tlie 
water  is  A  D  =  A,  plus  the  atmospheric  pressure  at  />, 
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but  this  is  Dothiag  else  than  the  total  Iiead  h,  since  A  B 
=  atmospheric  pressure  and  AB-\-AD  =  a  +  /ii 
=  A.  The  effedwe  head,  therefore,  at  A,  34  feet  above 
B,  is  the  same  as  at  the  latter  point.  A  correBponds  to 
the  extreme  limit  of  height  at  which  a  turbine  may  be 
placed  in  the  suction-tube.     If  any  other  point  below 


Fig.   33. 


t 


Fift.  34. 


I 


.^.... 


A,  A^  for  instance,  be  taken,  the  column  B  A^  may  be 
considered  as  balanced  by  the  equal  cohimn  B  C^  iD  the 
other  arm  of  the  tube;  the  effective  pressure  at  A^  is 
consequently  that  due  to  the  cohimn  A,  D  phts  atmo- 
spheric pressure,  or  A^  A  +  A  D  +  a  less  that  equiva- 
lent to  C  C,;  C  Ci  however  equals  A  A„  so  that  Ai  A 
+  AD  +  a-CC,  =  AI>  +  a  =  has  before. 

Hence  for  any  point  below  A  the  effective  head  for 
producing  flow  is  the  same  as  at  B.  In  practice  the 
height  A  B  in  very  considerably  less  than  a. 
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Useful   W(yt*k. 

Under  "useful  uH)rk"  is  to  be  understood  the  work 
done  by  the  force,  resulting  from  the  deflection  by  the 
vanes  of  the  streams  of  water  entering  the  wheel-buckets, 
turning  the  wheel  at  a  uniform  speed,  and  overcoming 
an  equivalent  resistance.  In  the  "useful  work"  is  in- 
cbided   that  required   to  over-  ^ig.  85. 

come  the  friction  of  the  bear- 
ings of  the  turbine  shaft  and 
of  the  surface  of  the  wheel 
against  the  surrounding  water ; 
it  is  therefore  the  equivalent  of 
the  indicated  work  of  a  steam- 
engine. 

The  "  effective  work "  is  the 
work  actually  given  off  by  the 
turbine  shaft,  as  measured  for 
instance  by  a  brake;  it  equals 
the  "usefiil  work"  l^ss  that 
required  to  overcome  friction. 

It  has  been  shown  (vide  p. 
22)  that  the  work  performed 
on  a  curved  vane  by  the  action 
of  a  jet  of  water  passing  along 
it,  when  the  vane  has  a  rotary 
motion  about  an  axis  at  right 
angles  to  the  planes  in  which  successive  parallel  filaments 
of  the  jet  move — or  approximately  at  right  angles  to 
a  plane  parallel  with  the  resultant  course  of  the  jet — is 
expressed  by 

JF^  =  m  [w^  (cj  sin  a^  —  7/^2)  +  ^''i  ^  '^^^  ^]> 


-'3 
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the  notation  being  as  already  explained  and  indicated  by 
the  dii^ram  Fig.  35. 

Strictly  speaking  this  applies  only  to  a  very  shallow 
stream  or  jet  moving  along  the  vane;  but  provided  the 
d^pth  be  not  too  great,  the  formula  may  be  used  without 
appreciable  error  for  a  stream  of  a  relatively  considerable 
depth,  which  can  be  considered  as  made  up  of  a  series  of 
very  shallow  streams  ah,  Oi  J^,  &c..  Fig.  35,  superimposed, 
and  all  forming  the  same  angle  at  the  points  of  entry  and 
exit  respectively  with  the  radii — drawn  from  the  axis  of 
rotation — at  those  points. 

In  an  actual  turbine  vanes  are  arranged  round  the 
circumference  of  the  wheel  at  equal  distances,  each  in  the 
same  position  relative  to  the  corresponding  radii,  and  the 
formula  given  above  may  be  applied  to  express  the  total 
work  done  on  the  wheel,  provided  that,  instead  of  the 
small  mass  m  the  total  mass  M  of  all  the  water  passing 
through  the  turbine  per  second  be  substituted ;  then 

(8)   W  =  M  [w2  (^2  sin  Oj  —  w^  +  u\  c  sin  a]. 
If  ff  be  the  veigM  of  water  flowing  through  the  turbine  per 

Q 

second,  then  M  =  — ,  and  if  further  §  be  the  corresponding 

if 

qumitity  in  cubic  feet,  G  =  Q  s,  where  s  is  the  weight  of  a 
cubic  foot.     It  is  clear  from  the  conditions  of  continuity, 
(9)  Q  ==  Ac  ==  A^Ci^  A^  c^  =A^  c^, 

that  all  the  velocities  of  flow  at  various  points  may  be 
expressed  in  terms  of  any  one  of  them  and  of  the  ratio 
between  the  respective  sectional  areas;  it  will  be  con- 
venient to  express  all  these  velocities  in  terms  of  c,  the 
absolute  velocity  with  which  the  water  leaves  tlio  guide 
passages;  hence — 

A 

A,  -  ''-  A, 


(10)  To  =  ^   e;  c,  =j  c:  r.  =  t  ^.r- 
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The  fonnola  (8)  may  be  written,  vide  p.  21, 
(8a)   W  =  (:w,  V,  -  w.  V;)  M; 

it  applies  to  radial  turbines  with  either  inward  or  outward 
flow. 

In  axial  turbines  a  very  narrow  stream  of  water  follow- 
ing the  course  of  a  vane  on  a  cylindrical  surface  at  a 
certain  radius  from  the  axis,  advances  with  an  equal 
velocity  of  rotation  at  all  points,  and  for  the  work  done  by 
the  water  the  formula  applies — 

W^  =  m  w  (cj  sin  a^  —  w  +  c  sin  a). 

The  actual  stream  of  water  flowing  over  the  vane  of  an 
axial  turbine  may  be  considered  as  made  up  of  a  large 
number  of  such  very  narrow  streams,  the  distance  of  which 
from  the  axis,  and  consequently  also  their  velocity  of 
rotation,  varies.  It  can  be  proved  that  the  combined 
work  of  all  these  streams  acting  at  different  distances  from 
the  axis  is  represented  by  simply  substituting  for  v)  in  the 
above  formula  the  mean  velocity  of  rotation,  that  is,  the 
velocity  of  the  middle  of  each  vane  at  the  mean  radial 
distance  r  from  the  axis ;  then 

(11)     W  =  Mw  (Cj  sin  a^  —  w  +  e  sin  a),  or 
(11a)  W=  3{w{V,-'  F^). 

The  formula  (11)  results  out  of  (8)  if  for  both  Wi  and  ir.^ 
the  same  value  w  be  used 

and  hence  the  expression  W  for  radial  turbines  includes 
axial  turbines  as  a  special  case. 

There  still  remains  the  mixed-flow  turbine  to  be  con- 
sidered. Generally  speaking,  in  this  the  water  enters 
radially,  flowing  inwards,  and  leaves  axially,  and  the 
vanes  have  consequently  a  double  curvature.  Assuming, 
as  before,  that  the  total  stream  flowing  over  any  vane  is 
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Fig.   86. 


r 

1  


made  up  of  a  large  number  of  very  narrow  Btreams  or 

filaments,  each  one  of  these  enters 
radially  at  the  radius  r^,  viAe  Fig. 
36,  and  leaves  axially  at  a  radius 
which  varies  from  r^  for  the  fila- 
ment furthest  from  the  axis,  to 
7*2  for  that  nearest  to  the  axis. 
To  each  of  these  filaments  or 
very  narrow  streams  may  be  ap- 
plied the  formula  for  the  work 
done  in  radial-flow  turbines,  so 
that  the  work  done  by  the  outer- 
most filament  will  be 

and  that  perforuied  by  the  innermost  filament 

where  W2  and  w^i  are  the  velocities  of  rotation  correspond- 
ing to  7*2  and  r\  at  the  inner  and  outer  extremities  of  the 
lower  edge  of  the  vane ;  the  sum  of  the  work  done  by 
these  and  all  the  intermediate  filaments  is  expressed  by 


(12)    W  =  M  Iwi  c  fdn  a  +  r 

O  I' 


ffin  a,  -- -  ' 
2  2  2 


21 


It  will  be  seen  that  when  i(r^  =  w^i  this  formula  becomes 
identical  with  (8) ;  hence  it  is  applicable  with  the  neces- 
sary special  assumptions  to  all  three  classes  of  turbines, 
the  radial,  axial,  and  mixed -flow. 

It  is  obvious  that 

Wi  =  il. «,   =  ^  w^, 

7*2  ^2 

and  consequently  W  can  be  expressed  in  terms  of  one  of 
the  velocities  Wi,  w^,  or  7/^21  only. 
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Generally  speaking,  therefore,  JV  may  be  written  in  the 
form 

(13)   W=  (B  w,c-^  Cw,^)M, 
bearing  in  mind  equatious  (10)  ;  so  that  the  work  done  on 
the  wheel  with  given  dimensions  depends  both  on  the 
velocity  of  flow  c  and  the  velocity  of  rotation  to^  (or  angular 
velocity  «). 

The  angle  a  in  mixed-flow  turbines  is  that  formed  by 
the  direction  of  flow  at  any  point  where  the  water  enters 
the  buckets  with  a  radial  line  to  that  point ;  the  angle  a^ 
is  that  formed  by  the  relative  direction  of  outflow  at  any 
point  with  a  line  through  that  point  parallel  witli  the  axis, 
or,  more  generally  expressed,  with  a  line  perpendicular  to 
the  momentary  direction  of  rotation  in  the  plane  defined 
by  the  latter  and  the  relative  direction  of  outflow.  This 
more  universal  definition  is  necessary,  because  in  many 
turbines  the  plane  in  question  is  not  parallel  with  the  axis 
of  the  wheeL 

In  a  reaction  turbine  the  water  as  it  traverses  the  vanes 
of  the  wheel  completely  fills  the  space  between  any  two 
of   them,    and    when — 
as  generally  happens —  Fig.  37. 

the  sectional  area  of  the 
passage  diminishes  to- 
wards the  outflow  orifice, 
the  relative  velocity  is 
increased  from  C|  on  en- 
tering to  c,  on  leaving,  in 
the  inverse  ratio  of  the 
sectional  areas,  and  as 
a  necessary  consequence 
the  pressure  at  Ay  Fig. 

37,  is  in  excess  of  that  at  B.     This  does  not,  however, 
modify  in  any  way  the  method  of  calculating  the  work  due 
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to  the  deflection  of  the  stream  by  the  vanes,  which,  whether 
the  fluid  be  under  pressure  or  not,  is  expressed  solely  in 
terms  of  the  velocities  of  flow.  The  effect  of  an  excess  of 
pressure  at  A  makes  itself  felt  in  a  corresponding  accele- 
ration of  the  relative  velocity  from  c^  to  c,,  or  when  the 
pressure  at  B  is  greater  than  at  A,  by  a  retardation  of  the 
flow.  As  the  proportions  between  c^  and  c^  can  be 
determined  solely  from  the  ratio  of  the  sectional  areas  of 
the  passages  at  A  and  B,  the  calculation  is  much  simpler 
than  if  the  pressures  were  introduced,  and  as  a  matter  of 
fact  the  latter  can  only  be  expressed  through  the  velocity 
of  flow. 

In  applying  the  hydro-dynamic  equation  to  the  flow  and 
pressure  of  water  in  turbines,  care  must  be  taken  to 
compare  relative  velocities  loith  relative  velocities  only,  and, 
similarly,  absoliUe  with  absolute  velocities,  otherwise  the 
deductions  will  be  wrong. 

Velocity  of  Flow. 

It  has  been  seen  that  the  velocity  of  flow  at  any  one 
point  in  a  reaction  turbine  determines  that  at  every  other 
point,  assuming  that  the  machine  is  working  as  it  should 
do.  In  dealing  with  this  part  of  the  subject,  it  will  be 
convenient  for  purposes  of  comparison  and  otherwise  to 
consider  the  velocity  c,  with  which  the  water  leaves  the 
guide  passages,  as  the  standard  velocity. 

If — as  in  impulse  turbines — the  water  left  the  guide 
passages  at  atmospheric  pressure  and  entered  a  space  to 
which  the  atmosphere  had  free  access,  the  velocity  of  flow 
(•  would  depend — apart  from  friction  and  similar  influences 
— solely  on  the  head  of  water  above  the  point  of  outflow, 
and  would  be  quite  independent  of  what  subsequently 
became  of  the  fluid. 
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The  pressare,  however,  at  which  the  water  in  a  reaction 
turbine  leaves  the  guide  passages  is  not  atmospheric  pres- 
sure, but,  as  has  been  seen,  a  greater  or  less  pressure  pi, 
and  this  in  its  turn  is  a  variable  quantity  which  cannot  be 
independently  determined. 

Owing  to  the  continuous  connection  between  the  fluid 
in  every  part  of  the  apparatus  both  before,  during,  and 
after  its  passage  through  the  wheel,  any  resistance  or 
fjAcility  offered  to  the  flow  of  the  water  in  any  one  part 
reacts  on  that  in  every  other  part.  Hence,  if  after  leaving 
the  guide  passages  the  water  has  to  do  work  in  turning 
the  wheel,  the  velocity  of  flow  c  from  the  former  will  not 
be  the  same  as  when  no  work  is  being  done. 

The  velocity  of  flow  is  determined  from  equation  (1) 

(p.  50). 

c  ^ 

Both  W^  and  -£„  are  functions  of  the  velocity  of  flow  c 
and  the  velocity  of  rotation  w^  or  w^,  while  E^  is  propor- 
tional to  the  head  only.  Hence  from  equation  (l)c  can  be 
calculated  in  terms  of  h  and  w^  (or  w^). 

In  making  this  calculation,  the  losses  of  energy  by 
shock  as  the  water  enters  the  wheel  must  be  taken  into 
account,  as  they  very  materially  affect  the  result.  The 
detailed  calculation  is  very  lengthy,  and  is  never  employed 
in  practice;  it  will  therefore  be  suf&cient  to  state  the 
result,  which  is  as  follows : — 

(14)   C  =   ^Y^-^    +  V-j  ^  ^  +  (1  +  0'      V    A 


in  which 


B  =  '^-   /  sin  a^ 

(7  =  (i  +  o[i-(7'rj 


64  HYDRAULIC  MOTORS, 

C  =  a  co-efficient  depending  on  various  experimental  co- 
efficients and  on  the  dimensions  of  the  turbine,  including 
guides  and  supply-pipe. 

The  value  of  Ccan  be  experimentally  determined  by 
holding  the  wheel  fast,  and  allowing  the  water  to  flow 
through  under  the  pressure  of  the  head.  In  that  case  the 
velocity  of  rotation  w^  =  0,  and  hence 

^      l  +  C 

■j-V  _ —  ^  is  then  the  ratio  of  the  actual  velocity  of  flow 

to  the  velocity  due  to  the  head.  Assuming  the  formula 
to  be  correct,  C  should  be  constant  for  all  speeds  of  a 
given  turbine. 

It  is  probable  that  the  above  formula  for  c  does  not  give 
in  every  instance  values  which  coincide  with  practical 
results  in  detail,  since  the  assumptions  involved  regarding 
the  loss  by  shock  are  not  correct  for  extreme  values  of 
the  velocity  of  rotation.  The  losses  by  shock,  as  given 
by  the  formulas  employed  in  the  calculation — which  will 
be  subsequently  considered — are  too  great  for  speeds 
considerably  above  or  below  the  best  speed. 

In  spite  of  this,  the  formula  in  question  is  useful  for 
showing  the  general  tendencies  of  an  increase  or  decrease 
of  speed  with  turbines  of  various  systems. 

In  the  case  of  a  Jonval  turbine,  in  which  r^  =r2,  the 

term  C  =  0,  since  1  —  (  -7  1  =  0.     If  it  be   further  as- 
sumed, that  ttj  =  0  —  as  is  very  usual  —  then  mi  a^  =  0 
and  therefore  also  B  =  0. 
Under  these  conditions 

'-A  ^i  +  c' 


GENERAL  THEORY  OF  REACTION  TURBINES.    (55 

that  is  to  say,  the  velocity  of  flow  is  c&iidant  for  all  speeds 

of  the  turbiae.   This  is  quite  in  accordance  with  experience, 

as  will  be  subsequently  proved. 

On  the  other  hand,  if  in  a  Jonval  turbine  the  value 

of  ttj  is  'ihegcUive,  then  the  first  term  in  the  formula  for  c, 

B  ic 
viz.   ~-j,  also  has  a  negative  value,  and  consequently  the 

velocity  of  flow  diminishes  as  the  speed  increases. 

For  a  radial  inward-flow  turbine  in  which  -^  :>-  1,  6'  is 
negative,  and  hence  the  flow  decreases  as  the  speed  in- 

7* 

creases.    The  greater  the  ratio,  - ,  the  more  rapid  is  this 

decrease  of  the  velocity  of  flow.  This  peculiarity  of  the 
inward-flow  turbine  has  a  certain  practical  importance,  as 
if  carried  far  enough  it  tends  to  make  the  motor  self- 
regulating.  Let  it  be  supposed  that  when  such  a  turbine 
is  running  at  its  best  speed,  a  portion  of  the  load  is 
suddenly  removed,  the  wheel  will  begin  to  run  faster, 
and  the  reactionary  force  exerted  by  the  water  on  the 
vanes  will  in  the  first  place  diminish,  owing  to  the  increase 
in  the  velocity  of  rotation. 
From  equation 

(8)   W  =  M  [w^  (c2  sin  a^  —  ^^'2)  +  ^^1  ^  ^^  «] 
it  is  evident  that  this  diminution  commences  as  soon 
as  tr,  >*  c,  ^n  C4.    For  normally  designed  turbines  w?2  =  ^2 
sin  a,  corresponds  with  the  best  speed. 

If  simultaneously  with  the  increase  in  w^  (and  w^)  the 
velocity  of  flow  is  reduced,  so  that  c  and  c^  diminish,  then 
the  decrease  in  the  reactionary  force  will  be  more  rapid 
than  otherwise,  and  the  more  rapid  this  decrease,  the 
lower  is  the  speed  at  which  effort  and  load  again  balance 
each  other. 
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A  aelf-regnUting  action  of  this  kind  is  promoted  by 
making  the  ratio  -  as  great  as  practicable ;  it  will  also 
be  intensified  by  giving  the  angle  a,  a  negative  value. 

In  radial  outward-How  turbines  -  bas  a  positive  value, 

and  it  is  obvious  from  tbe  formula  that  an  increase  in  the 
speed  is  accompanied  by  an  increase  in  the  velocity  of 
flow. 

Fig.  39  illustrates  tbe  relations  between  speed  and 
velocity  of  flow  for  the  three  systems  of  turbine.  Theo- 
retically, the  velocity  of  flow  is  affected  by  the  presence  or 
otherwise  of  a  suction-tube  with  the  turbine. 

If  there   is  a  suction-pipe,  the   velocity  of  discharge 

Fig.  8B. 


f.,  from  the  latter  bears  a  fixed  ratio  to  the  velocity  of 
flow  e,  which  ratio  is  unaffected  by  variations  of  speed. 

When,  however,  no  suction-pipe  is  employed,  and  the 
wheel  discharges  direct  into  the  tail-race,  tbe  velocity  of 
discharge  u  from  the  wheel  varies  with  the  speed.  As 
has  previously  been  shown,  it  is  tbe  resultant  of  tbe 
relative  velocity  of  outflow  c,  and  the  velocity  of  rotation 
lOf  It  is  clear  that  {mde  Fig.  38)  tbe  section  of  the 
stream  of  water  leaving  eacb  bucket  must  vnry  in  area 
according  to  the  direction  in  which  it  issues ;  in  other 
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wordsy  the  sectional  area  of  discharge  will  change  with 
different  values  of  c^  and  w^,  but  as  the  variation  of  c, — 
proportional  to  c — is  slight  compared  with  that  of  w^,  this 
area  will  depend  chiefly  on  w^.  Practically,  the  effect 
of  the  suction-tube  on  the  velocity  of  flow  is  of  little 
importance. 

Fig.  39. 


tS^  ,  so  25 

opeedtnJittp^r  Second  *^Wf 


The  following  figures,  taken  from  the  results  obtained 
by  experiment  with  several  Jonval  turbines  by  Mr.  P. 
Rittinger  of  Vienna  in  1862,  illustrate  the  effect  of  the 
speed  on  the  velocity  of  flow  as  indicated  by  the  quantity 
of  water  used  per  second  : — 


Turbine  No,  1. 


Number  of  revolutions 
110,    99,     93,     80. 

Quantity  of  water        = 
5-92,  612,  6-25,  6-43. 


160,       147,       140,       122, 
4-98,      5-25,      5-40,      5*74, 


68  HYDRAULIC  MOTORS. 

Turbine  No,  2. 

Number  of  revolutions  =  242,  201,  177,  150, 
135,     127,    102,     84. 

Quantity  of  water  =  525,  5-15,  511,  506, 
504,  502,  4-99,  4-97. 

Turbine  No.  3. 

Number  of  revolutions  =  268,  224,  198,  168, 
151,     142,     113,     91. 

Quantity  of  water  =  697,  6*66,  655,  643, 
6-38,  6-35,  6-24,  610. 

Turbine.  No,  4. 

Number  of  revolutions  =  289,  186,  171,  164, 
156,     141,     126,     112. 

Quantity  of  water  =  3-06,  3*78,  389,  3*94, 
400,   405,   417,  4-30. 

Turbine  No.  5, 

Number  of  revolutions  =  289,  184,  176,  167, 
169,     150,     143,     115. 

Quantity  of  water  =  303,  3*60,  3*66,  371, 
3-77,  3-82,  3-95,  408. 

Turbine  No.  6. 

Number  of  revolutions  =  586,  540,  493,  400, 
354,     308,    285,     216. 

Quantity  of  water  =  241,  248,  255,  269, 
275,   2-82,   2-86,   296. 


GENERAL  THEORY  OF  REACTION  TURBINES.    69 

Explanation  of  Effect  of  Speed  on  Velocity  of  Flow. 

It  will  be  seen  from  these  figures  that  in  the  case  of 
turbines  1,  4,  5,  and  6,  the  quantity  of  water,  and  with  it 
the  velocity  of  flow,   decreases  as  the  speed   increases, 

Fig.  40. 


't,  positive 


'>  •  i 


while  for  turbines  2  and  3  the  contrary  is  the  case.  The 
reason  for  this  diiference  is  to  be  found  in  the  fact  that  in 
the  former  the  relative  angle  of  entrance  aj  is  negative  as 
compared  with  o^,  while  in  the  latter  it  is  positive,  vid^  Fig. 
40.     When  o^  is  negative,  mi  a,  also  becomes  negative,  and 

consequently  the   co-efBcient  B  =    -^  sin  a,  for  a  Jonval 

turbine,  has  a  mintcs  sign,  and  t~t  >  ^  must  be  deducted 

from  the  quantity  under  the  root  sign ;  it  increases  with 

w  more  rapidly  than  the  latter,  and  c  consequently 
decreases  simultaneously. 

For  turbines  2   and   3,  Oj  is   positive,    and    therefore 

I   i   /-  ^  also  positive,  so  that  c  becomes  greater  with  an 

increase  of  speed. 

According,  therefore,  to  the  proportions  of  the  buckets, 
the  velocity  of  flow  may  be  either  increased  or  retarded 
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by  the  motion  of  the  wheel,  while  in  radial  turbines  the 
ratio  of  the  radius  at  which  the  water  enters  to  that  at 

which    it    leaves    exerts    an 
additional  influence. 

The  effect  of  the  inclina- 
tion of  the  vanes  where  the 
water  enters  the  buckets  on 
the  velocity  of  flow  may  be 
explained  as  follows : — 

Let  A  B,  Fig.  41,  repre- 
sent the  wheel-vanes  of  a 
turbine  for  which  the  angle 
Oi  is  positive.  When  the 
motor  is  held  fast,  the  direction  relative  to  the  vanes  of 
the  stream  entering  the  buckets  is  A  1,  and  is  in  that 
particular  case  the  same  as  the  absolute  direction  of 
flow  with  which  the  water  leaves  the  guide  passages. 
The  fluid  impinges  against  the  surface  of  the  vane  at 
an  obtuse  angle,  and  owing  to  the  shock  a  loss  of  energy 
takes  place,  and  the  velocity  of  flow  is  retarded.  When 
the  wheel  moves  the  relative  direction  in  which  the 
water  impinges  on  the  vanes  is  changed  and  becomes  less 
obtuse ;  at  a  certain  low  speed  let  this  direction  be  repre- 
sented by  A  2,  and  at  higher  speeds  by  -4  3  and  A  4. 
As  the  angle  of  impact  becomes  less  obtuse,  the  effect  of 
the  shock  in  retarding  the  flow  is  reduced,  until  finally 
some  speed  is  attained  at  which  the  entrance  of  the  water 
into  the  buckets  occurs  without  shock ;  A  4  represents 
the  relative  direction  of  flow  under  these  conditions. 

Up  to  this  point  the  sfioch  has  diminished,  and  con- 
sequently the  velocity  of  flow  increased.  Suppose  the 
speed  still  further  accelerated,  so  that  the  relative  direc- 
tion of  inflow  is  A  5.  Now  it  is  evident  that  the  direction 
of  impact  has  changed,  and  that  the  shock  acts  on  the 
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back  of  the  vanes  in  a  sense  opposed  to  the  motion  of 
the  latter;  the  upper  portion  of  the  back  convex  vane 
surface  tends  to  force  the  water  through  the  buckets, 
acting  in  fact  as  a  pump,  while  in  the  lower  part  the  water 
still  exerts  a  pressure  on  the  concave  surface,  and  drives 
the  wheel  The  turbine  is  therefore  working  simultane- 
ously as  a  pump  and  motor,  a  certain  proportion  of  the 
power  developed  in  the  latter  capacity  being  absorbed  in 
the  former.  If  the  increase  of  the  speed  be  continued,  a 
point  is  at  length  reached  where  the  work  done  as  motor 
is  exactly  balanced  by  that  expended  as  pump,  and  no 
useful  eflFect  is  produced.  Beyond  this  the  turbine  works 
simply  as  a  pump,  and  requires  power  from  some  external 
source  to  drive  it. 

With  a  negative  angle  a^  the  action  of  the  vanes  on 
the  water  is  the  reverse  of  that  just  described.  From 
a  condition  of  rest  up  to  the  speed  at  which  the  water 
enters  without  shock,  there  is  a  diminution  of  the  re- 
sistance— ^from  impact — offered  to  the  entry  of  the  water 
which  tends  to  increase  the  velocity  of  flow,  but  this  is 
generally  more  than  counteracted  by  the  tendency  of  the 
velocity  of  flow,  apart  from  shock,  to  diminish.  When 
the  speed  for  inflow  without  shock  is  exceeded,  the  im- 
pact, as  before,  is  on  the  back  of  the  vanes;  but  now, 
in  consequence  of  their  being  incline<l  in  the  opposite 
sense,  an  upward  push  is  exerted  on  the  inflowing  water 
by  the  convex  surfaces  of  the  negativeli/  inclined  parts, 
which  increases  the  resistance  offered  to  the  flow.  As  a 
result  of  the  action  just  explained,  in  turbines  with  a 
negative  value  of  the  angle  of  inflow  a^  the  velocity  of 
flow  is  greatest  when  the  wheel  is  held  fiust,  and  darcases 
as  the  speed  increases.  Theory  on  this  point  is  fully  con- 
firmed by  experiment,  as  a  careful  inspection  of  the  various 
tabulated  data  relating  to  trials  with  turbines  will  show. 
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Efficiency  ami  Best  Speed  of  Turbines. 

By  equation  (2)  the  genoral  expression  for  the  efficiency 

W^                         W 
of  a  turbine  is  €  =     .^  or  e  =  — ^ i, or, includ- 

ing  under  L  all  losses,  whether  from  friction,  impact,  or 
velocity  of  off-flow,  €  =    ly  —}-f' 

Substituting  for  TF„  its  value  from  equation  (8),  there 
follows : — 

,  ^.  vj^  (cq  sin  a.,  —  w^)  +  7t\  c  sin  a 

(1.,)  « =  —       -  ^,^       -     . 

It  is  evident  that  if  c  and  c^  in  the  above  expression  are 
stated  in  terms  of  ^v^  from  (1 4),  the  efficiency  ^  will  then 

be  given  in  terms  of  the  latter  only  as  u\  =  2(h—^]  it  is 

then  possible  to  find  a  value  of  w^  for  which  the  efficiency 
£  is  a  maximum.  The  calculation  of  this  value  is  some- 
what complicated,  requiring  the  use  of  the  differential 
calculus,  and  it  is  unnecessary  to  give  it  here. 

It  is  clear,  however,  from  the  following  considerations, 
that  there  must  be  a  certain  speed  of  rotation  at  which 
the  turbine  is  more  efficient  than  at  any  other. 

The  force  exerted  on  a  vane  by  the  water  flowing 
over  it  depends,  with  a  given  velocity  of  the  latter,  on 
the  extent  to  which  the  stream  is  deflected  from  its 
original  course;  it  will  therefore  be  greatest  when  the 
vane  is  at  rest,  or  when  the  wheel  is  held  fast,  because 
as  soon  as  the  latter  moves  in  the  opposite  direction  to 
that  in  which  the  stream  is  deflected,  the  deflection  must 
become   less.      The   work   done   is   the   product   of   the 
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force  exerted  on  the  vanes  and  the  velocity  with  which 
they  move.  When  the  wheel  is  held  fast  there  is  no 
motion,  and  consequently  no  work  done,  although  the 
force  acting  on  the  vanes  under  these  conditions  is  a 
maximum ;  on  the  other  hand,  when  a  certain  speed  of 
the  vanes  is  attained,  this  force  becomes  nil,  the  wheel 
revolves — supposing  there  is  no  friction — without  doing 
work.  Between  these  two  extremes  the  efficiency  has 
risen  from  zero  to  some  maximum  value  and  fallen  again 
to  zero,  and  the  speed  at  which  this  maximum  efficiency 
occurs  is  the  heU  speed,  at  which  the  wheel  ought  to  be 
worked  in  order  to  obtain  the  highest  results.  Assuming 
the  velocity  of  flow  c  to  be  constant  for  all  speeds  of  the 
turbine,  it  can  be  proved  mathematically  that  the  best 
speed  is  half  that  at  which  the  wheel  would  run  without 
a  load.     The  efficiency  by  formula  (15)  is — 

v)^  (  Cj  sin  Cj  -j-  ~  c  sin  a  \  —  w^ 

When  there  is  no  load  E  =  0,  and  therefore — as  ^A  has  a 
finite  value — 

t(?2  ic^sina^  +  -^  c  sin  a\  —  w^  =  0, 

whence  the  speed  (velocity  of  rotation)   without   a  load 

w^  =  Cj  sin  a^  +  ~  c  sm  a ; 
the  best  speed  is  one-half  of  this  quantity, 

Wf,  =  J  I  ^2  sin  a2  +  •;^  c  sin  a  \. 

As  a  matter  of  fact  the  velocity  of  flow  is  not  constant 
for  all  speeds  of  the  motor,  but  in  some  cases  varies  con- 
siderably.    For  axial  turbines,  in  which  a^  =  0,  the  above 


74  HYDRAULIC  MOTOES, 

formula  gives  correct  results,  since  the  velocity  of  flow  in 
such  motors  is  constant. 

The  best  speed  is  generally  greater  than  the  value  above 
given,  but  in  designing  turbines  a  somewhat  diBferent  and 
simpler  method  of  calculating  the  best  speed  is  followed, 
which  will  be  explained  when  the  construction  of  turbines 
is  under  consideration. 

It  is  based  on  the  obvious  truth  that,  apart  from 
hydraulic  resistances,  the  less  the  unutilized  en^^  the 
greater  the  efficiency  of  the  motor,  consequently  the 
absolute  velocity  of  off-flow  from  the  wheel  or  suction- 
tube  should  be  as  small  as  possible.  Unless,  however, 
combined  with  a  suitable  construction  in  other  respects, 
the  fulfilment  of  this  condition  is  in  practice  not  sufficient 
to  insure  maximum  efficiency,  as  the  losses  from  impact 
or  shock  alone  on  the  water  entering  the  wheel-buckets 
may  exceed  the  whole  of  the  loss  due  to  the  residual 
velocity,  and  neutralize  any  advantage  gained  by  reducing 
this  to  a  minimum.  It  follows  that,  simultaneously  with 
the  reduction  of  the  residual  velocity  to  the  lowest  prac- 
ticable value,  the  entry  of  the  water  into  the  wheel  should 
be  effected  without  impact,  that  is,  the  wat^r  must  enter 
parallel  with  the  direction  of  the  extreme  end  of  the 
wheel-vane. 

The  efficiency  of  reaction   turbines  is  reduced  ^  all 
methods  of  regulation  when  working  otherwise  thaiTNAt 
full  power.      A  common  method  of  regulating  turbinN 
with  suction-tube  is  by  means  of  a   sluice  varying  the  ^ 
off- flow   orifice.      By    partially    closing    the    sluice    the 
quantity  of  water  flowing  through  the  turbine  is  reduced,  \ 
but  at  the  same  time  the  efficiency  is  reduced  dn  much    '• 
greater  proportion.     The  effect  of  diminishing  the  outflow    ■ 
orifice  on  the  quantity  of  water  passing  through  the  wheel 
is  not  by  any  means  proportional  to  the  area  of  the  orifice,] 
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as  might  be  supposed,  while  the  work  done  decreases  as 
the  square  of  the  velocity  of  flow. 

RegulatioQ  by  means  of  a  throttle-valve  and  by  a  sluice 
in  the  head-race  are  equally  bad. 

The  method  of  regulation  now  generally  adopted,  of 
closing  a  portion  of  the  guide  passages,  is  much  less 
detrimental  to  the  efficiency  than  any  of  those  above 
mentioned;  this  part  of  the  subject  will  be  more  fully 
investigated  in  dealing  with  the  construction  and  design 
of  turbine& 

The  foregoing  formulae  and  considerations  apply  to 
reaction  turbines  under  perfectly  general  conditions,  no 
assumptions  tending  to  simplify  the  demonstration  having 
been  made.  The  water  enters  the  wheel,  except  at  one 
particular  speed,  at  an  angle  relative  to  the  latter  which 
does  not  correspond  with  the  inclination  of  the  guide- 
vanes  at  the  point  of  entry,  and  leaves  it  with  an  absolute 
velocity  which  varies  in  amount  and  direction  with  the 
speed  of  the  wheel. 

Let  it  be  supposed  that  the  wheel  is  at  first  held  fast 
by  imposing  on  it  a  load  greater  than  the  action  of  the 
water  on  the  vanes  is  able  to  overcome,  and  that  then  the 
load  is  reduced  in  stages,  so  as  to  allow  the  turbine  to 
revolve  at  successively  increasing  speeds.  As  the  speed 
increases,  the  following  results  will  take  place  in  the  case 
of  an  inward-flow  turbine : — 

(1)  The  force  exerted  by  the  water  on  the  vanes  will 
decrecue; 

(2)  The  velocity  of  flow  of  the  water  passing  through 
the  turbine  will  first  increase  and  afterwards  decrease,  and 
with  it  the  quantity  of  water  and  available  total  energy; 

(3)  The  difference  between  the  pressure  at  the  entrance 
and  that  at  the  outlet  of  the  wheel-buckets  will  decrease, 
and 
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(4)  The  work  done  will  ina^ease  up  to  a  certain  point 
and  afterwards  df^^ease  ; 

(6)  The  efficiency  will  irwi^ease  up  to  a  certain  point 
and  afterwards  deaxdse. 

The  point  of  maximum  efficiency  does  not  exactly 
coincide  with  that  of  maximum  work,  for  the  reason  that 
the  available  energy  varies  with  the  speed,  owing  to  a 
greater  or  less  quantity  of  water  flowing  through  the 
wheel. 

Fig.  42. 


yo'oy  Att  pm  ft- 


The  relations  existing  between  the  various  quantities 
are  illustrated  graphically  by  Fig.  42,  which  shows  the 
curves  representing  velocity  of  flow  c  and  other  quantities 
proportional  with  it  {Q  and  E)^  the  difference  of  pressure 
Pi  —  Pif  ^^^  work  done  fT,  and  the  efficiency  K 

The  values  of  these  are  plotted  as  ordinates  to  cor- 
responding values  of  w^  as  abscissa^ ;  they  have  been 
calculated  for  an  inward-flow  turbine.  It  will  be  seen 
by  an  inspection  of  the  diagram,  that  while  the  increase 
and  decrease  of  the  velocity  of  flow  c  is  very  gradual, 
the  efficiency  rises  and  falls  very  rapidly,  so  that  a  com- 
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paratively  slight  deviation  from  the  best  speed  materially 
reduces  the  efficiency.  This  fact  has  been  amply  con- 
firmed by  experiment. 

For  radial  outward-flow  and  axial  turbines  the  course 
of  the  various  curves  above  referred  to  is  somewhat 
different,  and  in  the  following  particulars : — 

(1)  The  velocity  of  flow  increases  continuously  with 
the  speed,  or  remains  constant. 

(2)  The  difference  between  the  pressure  at  the 
entrance  and  that  at  the  outlet  of  the  wheel-buckets  de- 
creases continuously  as  the  speed  increases,  or  remains 
constant.  With  respect  to  this  latter  value,  it  has  been 
found  better  that  it  should  be  positive,  that  ia,p2  less  than 
Pi,  although  this  tends  to  cause  loss  by  forcing  water  out 
through  the  space  between  the  guide  and  wheel-buckets. 
It  may  be  negative  from  the  commencement,  if  the  ratios 
which  A,  the  sectional  area  of  outflow  from  the  guide 
passages,  bears  to  the  areas  of  other  portions  of  the 
apparatus,  be  small. 

The  following  results  obtained  with  the  experimental 
turbines  of  Bittinger,  previously  mentioned,  p.  67, 
illustrate  the  connection  between  speed  and  efficiency :  * — 

Turbine  No.  1. 

Number  of  revolutions  =  160,  147,  140,  122, 
110,      99,      93,      80. 

Efficiency  =  0,      0-326,  0455,  0-626, 

0-659,  0-873,  0667,  0'631. 

Turbine  No.  2. 

Number  of  revolutions  =  242,  201,  177,  150, 
186,      127,       102,      84. 

1  The  thicker  figiires  denote  the  best  resiiltB. 
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EflBciency  =  0,      0-452,  0-601,  0-687, 

0-697,  0-695,  0-650,  0-586. 

Turbine  No.  3. 

Number  of  revolutions  =  268,  224,  198,  168, 
161,       142,      113,      91. 

Efficiency  =  0,      0405,  0543,  0-622, 

0-632,  0-630,  0-587,  0-519. 

Turbine  No.  4. 

Number  of  revolutions  =  289,  186,  171,  164, 
156,      141,       126,      112. 

Efficiency  =  0,      0693,  0-711,  0-715, 

0-711,  0-705,  0-674. 

Turbine  No.  5. 

Number  of  revolutions  =  289,  184,  176,  167, 
169,       150,      143,      115. 

Efficieocy  =  0,      0-623,  0636,  0*641, 

0-646,  0-639,  0-618,  0-575. 

Turbine  No.  6. 

Number  of  revolutions  =  586,  540,  493,  400, 
354,      308,       285,      216. 

Efficiency  ==  0,      0231,  0-410,  0-633, 

0-687,  0-700,  0-694,  0-626. 

As  a  further  illustration  of  the  same  fact,  the  following 
figures  giving  the  results  of  experiments  with  a  Jonval 
turbine,  carried  out  by  Mr.  Q.  Meissner,  and  quoted  in 
his  work  on  turbines,  may  be  studied : — 

Jonval   Turbine. 

Number  of  revolutions  =  159,  103,  94,  82, 
71,      65,      53,      41,      31,      15,      0. 
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Efficiency  =  0,      0692,  0735,  0-743, 

0*704,  0-688,  0-606,  0-625,  0440,  0-257,      0. 

In  this  instance  the  experiments  extended  to  the 
whole  range  of  efficiency  from  zero  when  the  wheel  was 
held  fast^  to  zero  when  it  was  running  without  a  load. 
It  will  be  noted  that  in  every  case  the  best  speed  is 
greater  than  one-half  of  that  corresponding  to  the  un- 
loaded condition,  but  it  must  be  borne  in  mind  that  in 
practice  it  is  impossible  for  the  wheel  to  run  absolutely 
without  resistance,  as  there  is  always  a  certain  amount 
of  friction  of  the  bearings  and  between  the  surface  of 
the  wheel  and  the  water  to  be  overcome,  so  that  the 
hydrwidie  efficiency  at  the  maximum  actual  number  of 
revolutions  would  be,  not  0,  but  3  to  5  per  cent. 

Referring  once  more  to  the  general  expression  for  the 

W  ,     , 

efficiency    e  =   rrr  ^  r,    it  is   easy   to   see    that  for  a 

given  value  of  Z,  the  sum  of  all  the  losses  of  energy  of 
the  water  during  its  passage  through  the  turbine,  the 
greater  W^  the  work  done,  the  greater  the  efficiency  E. 

If  it  were  possible  to  reduce  L  in  the  same  propor- 
tion as  W  when  the  latter  diminished,  then  the  efficiency 
would  remain  the  same  for  all  values  of  W.  In  fact, 
however,  not  only  does  L  not  decrease,  but  it  actually 
increases  as  W  becomes  less,  until,  when  the  turbine  is 
held  fftst,  or  runs  without  a  load  (the  two  extreme  cases 
in  which  no  work  is  done),  the  whole  available  energy 
is  absorbed  by  friction  and  other  resistances,  or  carried 
off  in  the  kinetic  form. 

This  is  shown  by  the  equation 
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when  in  this 
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W.  =  0 


h  =  1,+ 


■^'J 


In  fact,  for  given  dimensions,  c^  the  velocity  of  oflf- 
flow  does  not  diflfer  very  greatly  whether  the  wheel  be 
running  at  its  best  speed  or  standing  still ;  in  the  latter 
case  the  available  energy  is  swallowed  up  chiefly  by  friction, 
impact,  and  similar  resistances  within  the  apparatus. 
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LOSSES    OF   ENERGY    IN    REACTION    TURBINES. 

Enameration  of  losses,  character,  and  mathematical  expression. — 
Losses  from  pipe  friction. — Examples. — Loss  in  guide  passages. — 
Co-efl5cients. — Loss  from  shock. — Example. — Loss  by  leakage. — 
Loss  in  wlieel-buckets. — Co-efficients. — Loss  from  resistance  of 
sluice. — Loss  from  residual  velocity  of  flow. — Numerical  values. — 
Summaries  of  losses. — General  summary  of  facts  relating  to  reaction 
turbines. 


Losses  of  Energy  in  Reaction  Turbines. 

In  considering  the  losses  of  energy  to  which  the  water 
on  its  passage  through  the  turbine  and  its  adjuncts  is 
subject,  it  will  be  best  to  follow  the  course  of  the  fluid 
from  the  reservoir  or  conducting  pipe  over  the  wheel  to 
its  off-flow  under  the  sluice  at  the  bottom  of  th«  suction- 
pipe,  where  one  is  used. 

The  flrat  loss  incurred  is  that  due  to  friction  in  the 
pipe  or  casing  conducting  the  water  to  the  turbine.  If 
the  diameter  of  the  supply  pipe  be  denoted  by  (?„, 
the  length  corresponding  to  this  diameter  by  l^,  the 
velocity  of  flow  by  c^,  then  the  loss  of  energy  is  expressed 

by 


J^o  —    f»- 
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I'terms  of  >■■,  the  velocity  of  outflow  from   the  guide 
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where  C  's  ^^  ex  peri  mental  co-eflicleut. 

The  next  loss  takes  place  in  onteriog,  passing  throogli, 
and  leaving  the  guide  passages,  and  is  made  up,  (1)  of 
the  resistance  oSored  by  the  upper  edges  of  the  guide- 
vanes,  causing  a  sudden  deflection  of  portions  of  the  Bbeun 
and  an  abrupt  contraction,  (2)  of  the  friction  between  the 
water  and  the  surface  of  the  guide  pasas^es,  (3)  of  the  loos 
on  the  %Tater  leaving  the  oriflces  of  the  guide  passages 
owing  to  internal  friction  and  friction  of  (be  vane  edges, 
(4)  of  the   loss  resulting  from   the   curved  form  of  the 


It  is  usual  to  include  all  these  in 
form 

one  expression  of  the 

'■■'^■l 

m 

The  loss  due  to  friction  in  the  guide  passages  is,  owing 
to  the  shortness  and  comparatively  great  area  of  the 
latter,  extremely  small. 

When  the  water  leaves  the  guide  passages  and  enten 
the  wheel-buckets,  it  does  not — as  already  stated — under 
general  conditions,  take  the  direction  of  the  tangent  to 
the  vane  curve  at  the  point  of  entry,  relative  to 
the  wheel,  and  in  consequence  impinges  against  the 
vane  instead  of  moving  parallel  with  it,  the  result 
being  a  sudden  change  of  velocity  causing  a  loss  of 
energy. 

If  the  relative  velocity  of  flow  after  entering  the  wheel 
be  Ci,  this  loss  of  energy  is  represented  by 
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^1  sin  a^yi  .  (^^ 

A  reference  to  the  diagram,  Fig.  43,  will  show  that  the 
quantities  in  the  brackets  are  the  differences  between 
the  components  of  the  absolute  velocities  of  flow  c  and  c, 
l)efore  and  after  entering  the  wheel-buckets,  parallel  with 
Md  at  nght  angles  to  the  axis  of  the  wheel.  The  losses 
of  eneigy  in  each  of  these  directions  is    represented  by 

Fig.  43. 


the  squares  of  those  diflferences  ;  parallel  with  the  axis,  or 
"><^J,  according  to  the  type  of  the  wheel,  the  velocity  has 
J*en  suddenly  reduced  from  O  a  to  O  6,  the  diflEE^eoce 
i  a=<?  cos  a^Ci  cos  a^;  at  right  angles  to  tl»e  aiw, 
the  reduction  is  from  a  d  to  a  e,  the  difference 
cd  =^  c  sin  a  --  (Wi  —   c^  ^in  a^ ; 


hence4  =  ^  [  (a  by  +  (d  e)^ 

the  quantity  within  the  brackets 
the  graphic  method,  as  evident 
the  difference  c  cos  a  —  c^cos  Or^ 
to  the  condition   of  continuity. 


2f7 
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easily  deu^iiii^^^  l^ 

Fig.  43.     lb  ^jipu^ii 

^^mll  he  HoaJl,  '^%^  g,^  r^y 
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or,  iir  terms  of  c,  the  velocity  of  outflow  from  the  guide 
passages, 

where  C  is  an  experimental  co-eflicient. 

The  next  loss  takes  place  in  entering,  passing  through, 
and  leaving  the  guide  passages,  and  is  made  up,  (1)  of 
the  resistance  ofiFered  by  the  upper  edges  of  the  guide- 
vanes,  causing  a  sudden  deflection  of  portions  of  the  stream 
and  an  abrupt  contraction,  (2)  of  the  friction  between  the 
water  and  the  surface  of  the  guide  passages,  (S)  of  the  loss 
on  the  water  leaving  the  orifices  of  the  guide  passages 
owing  to  internal  friction  and  friction  of  the  vane  edges, 
(4)  of  the  loss  resulting  from  the  curved  form  of  the 
passages. 

It  is  usual  to  include  all  these  in  one  expression  of  the 
form 

A  =  C|.  (b) 

The  loss  due  to  friction  in  the  guide  passages  is,  owing 
to  the  shortness  and  comparatively  great  area  of  the 
latter,  extremely  small. 

When  the  water  leaves  the  guide  passages  and  enters 
the  wheel-buckets,  it  does  not — as  already  stated — under 
general  conditions,  take  the  direction  of  the  tangent  to 
the  vane  curve  at  the  point  of  entry,  relative  to 
the  wheel,  and  in  consequence  impinges  against  the 
vane  instead  of  moving  parallel  with  it,  the  result 
being  a  sudden  change  of  velocity  causing  a  loss  of 
energy. 

If  the  relative  velocity  of  flow  aft€7'  entering  the  wheel 
be  c^y  this  loss  of  energy  is  represented  by 
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A  =  2^  [  (c  cos  a  —  Cj  cos  aj)*  +  (c  sin  a  —  w;^  + 
Ci  sin  a^y].  .  (c) 

A  reference  to  the  diagram,  Fig.  43,  will  show  that  the 
quantities  in  the  brackets  are  the  dififerences  between 
the  components  of  the  absolute  velocities  of  flow  c  and  c^ 
before  and  after  entering  the  wheel-buckets,  parallel  with 
and  at  right  angles  to  the  axis  of  the  wheel.  The  losses 
of  enei^  in  each  of  these  directions  is  represented   by 

Fig.  43. 


the  squares  of  those  differences ;  parallel  with  the  axis,  or 
radially,  according  to  the  type  of  the  wheel,  the  velocity  has 
been  suddenly  reduced  from  0  a  to  Ob,  the  difference 
h  a=^e  cos  a-^Ci  cos  a^;  at  right  angles  to  the  axis, 
the  reduction  is  from  a  d  to  a  e,  the  difference 

c  d  =  c  sin  a  —  (w^  —  c^  sin  a^  ; 

hence  L,=  ~[{a  by  +  (d  e)']  =^^  {fd)\ 

the  quantity  within  the  brackets  being  easily  determined  by 
the  graphic  method,  as  evident  from  Fig.  43.  In  general 
the  difference  c  cos  a  —  Ci  cos  ai  will  be  small,  as,  owing 
to  the  condition  of  continuity,  when  the  clear  distances 
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between  the  guide-vanes  and  wheel-vanes  measured  in 
the  direction  of  rotation  are  equal,  c  cos  a  =  Ci  cos  a^ 
except  in  so  far  as  there  is  a  difference  in  the  width  of 
guide  and  wheel  vanes,  or  in  their  thickness,  or  both. 
This  will  be  clear  on  referring  to  the  diagram  Fig.  44, 
Fig.  44.  where  a  b  and  b  c  represent 

the  teiminations  of  the  two 
guide-vanes  and  two  wheel- 
vanes  respectively  of  equal 
pitch  t,  measured  on  the 
corresponding  circumference. 
The  depths  and  consequently 
areas  of  the  passages  of  the 
guide  and  wheel  are  propor- 
tional to  the  cosines  of  the 
angles  a  and  a^,  while  the 
velocities  c  aad  C|  must  be  in 
the  inverse  ratio  of  the  former,  provided  continuity  is 
maintained. 

When  a  turbine  is  working  as  it  ought  to  do,  the  water 
entering  the  wheel-buckets  without  impact,  the  source  of 
loss  under  consideration  disappears. 

The  next  loss  to  be  determined  is  that  due  to  leakage 
through  the  clearance  space  between  the  guide-casing 
and  wheel;  it  depends  theoretically  on  the  pressure 
difference  inside  and  outside  the  clearance  space.  As 
the  author  does  not  consider  that  any  reliance  is  to  be 
placed  on  a  detailed  calculation  of  the  loss  from  the 
leakage  in  question,  he  has  followed  Redtenbacher's 
method  of  including  it  with  the  other  losses  incurred 
during  the  passage  of  the  water  through  and  out  of  the 
wheel-buckets;  these  are  due  to  similar  causes  to  those 
sustained  in  the  guide  passages,  and  all  are  included  in 
an  experimental  co-efficient,  and  expressed  in  the  form 
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(rf) 


The  absolute  velocity  u  with  which  the  water  leaves 
the  wheel-bucketSy  as  a  rule,  is  not  the  same  either  in 
value  or  direction  as  that  with  which  its  flow  in  the 
suction-tabe,  immediately  below  the  wheel,  is  continued. 
In  consequence  of  this  sudden  change — in  every  case  from 
a  higher  to  a  lower  velocity — there  is  a  loss  of  energy 
of  the  same  kind  as  that  previously  denoted  by  Z^ 

The  water  leaves  the  wheel-buckets  with  an  ahsohUe 
velocity  te,  which,  as  previously  stated,  is  the  resultant 
of  the  relative  velocity  c^  of  outflow  and  the  speed  of 
rotation  of  the  bucket  at  the  point  in  question.  It  may 
be  assumed  that  on  its  passage  downwards  through  the 
suction-tube  the  water  takes  a  spiral  course,  this  latter 
and  the  corresponding  velocity  immediately  on  leaving 
the  wheel-buckets  being  representeii  in  the  diagram, 
Fig.  45,  by  0  x,  while  the  absolute  resultant  velocity  of 
outflow  u  is  denoted  by  Fig.  45. 

0  d;  the  vertical  com- 
ponent of  0  X  Is  Oh,  that 
o(  0  diB  Oa;  the  sudden 
change  in  velocity,  in 
axial  or  radial  direction,  ^t 
is  therefore  0  a  ^  0  h,  ^ 
and  the  square  of  this  is 
proportional  to  the  loss  of  energy  incurred ;  similarly,  in 
a  circamferential  direction  the  change  of  velocity  is  a  rf 
—  6  aj=d  y,  and  the  square  of  this  corresponds  to  the 
loss  of  energy.  The  latter  is  small,  as  the  circumferential 
component  of  velocity  a  d  probably  remains  nearly  un- 
changed, so  that  it  will  be  sufficient  to  consider  only  the 
axial  (or  radial)  loss. 

If  rj   be  the  velocity  in   a  radial   or   axial   direction 
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immediately  after  the  water  leaves  the  wheel,  then  the 
loss  of  enei^  in  question, 

A  =  -^^{c,cosa,-  c,y  =  g^  [« by,        (.) 

where,  as  is  clear  from  the  diagram,  0  a  =  c,  cos  a^  and 

It  is  assumed  that  <;,  is  also  the  velocity  in  the  suctiou- 
tube  immediately  below  the  wheel,  or,  in  the  case  of  an 
inward-flow  radial  turbine,  it  comes  to  the  same  thing 
if  it  be  supposed  that  the  absolute  velocity  of  outflow 
remains  unchanged  after  leaving  the  backets  until  the 
course  of  the  water  has  been  deflected  from  a  horizuntal 
to  a  vertical  directiori,  or,  more  strictly  speaking,  from  a 
direction  at  right  nngles  to  the  axis  of  rotation  to  one 
parallel  with  the  axis  of  the  suction-tube  (vide  Fig.  46). 
Fig.  46.  In  passing  through  the  suc- 

tion-tuhe  the  water  meets  with 
1  resistance  from  the  friction  of 
the  sides ;  the  loss  due  to  this 
cause  in  expressed  in  the  same 
way  as  that  already  considered 
'"j  under  («)  and  denoted  by  i,; 

hence  its  value  is 

In  finally  leaving  the  suction-tuhe  under  a  sluice  the 
water  encounters  a  resistance  oflered  to  its  passage  by 
the  edge  of  the  sluice ;  the  amount  of  this  depends  very 
materially  on  the  form  of  the  sluice,  whether  the  edge  is 
sharp  or  well  rounded.  The  loss  incurred  from  this 
cause  may  be  expressed  by 


^^ 
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The  last  loss  to  be  considered  is  that  which  is  repre- 
sented by  the  energy  contained  in  the  water  wlien  it 
leaves  the  suction-tube;  this  is  obviously 

It  is  convenient  to  combine  L^  and  Z7  together  in 
the  form 

(X.  +  /.)  =  (1  +  CO  (^)^|. 

Having  enumerated  the  various  losses  and  briefly  ex- 
plained their  character,  it  will  be  necessary  to  examine 
somewhat  more  closely  into  their  nature  and  relative 
{»t>portions. 

Loss  in  Supply-pipe.  The  first  loss  L^,  due  to  friction 
in  the  supply-pipe  or  channel,  is,  in  many  cases,  for 
moderate  falls  very  small;  for  a  Jonval  or  inward-flow 
turbine  working  with  a  suction-tube  and  placed  tolerably 
high  above  the  tail-water  level,  the  water  above  the  wheel 
is  contained  in  a  tank  or  reservoir  of  such  dimensions  that 
the  loss  from  friction  in  it  is  quite  inappreciable.  On  the 
other  hand,  the  loss  Z.,  from  friction  in  the  suction-tube 
of  course  disappears  where  no  suction-tube  is  employed, 
as  in  the  majority  of  cases. 

The  co-efficient  C-  will  be  the  same  in  both  instances 
where  the  material  used  for  the  tubes  is  similar,  and 
for  practical  purposes  with  ordinary  velocities  tlie  value 
(;.  =  0*03  may  be  taken. 

In  reality  (r  varies  with  the  velocity  of  flow,  as  shown 
by  the  following  table : — 

For  Cs  =  0-82       1-64.       328       656       1640       feet. 

C  =  00350   00289   0-0246  00216    00189. 
The  velocity  in  the  parts  of  the  turbine  in  question 
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will  be  within  tlie  above  values,  under  ordinary  circum- 
stances. 

In  cases  where  the  diameter  of  the  suction-tube  varies 

the  ratio  -  will  be  different  at  various  points ;  the  velocity 
d 

of  flow  will  of  course  also  vary.  This  may  be  taken  into 
account,  where  the  tube  is  conical,  by  introducing  the 
vieun  diaineter  and  mean  velocity  of  flow  into  the  calcu- 
lation. 

As  an  example  taken  from  practice,  suppose  the  head 
of  water  to  be  15  feet,  the  length  of  the  suction-tube 
10  feet,  the  diameter  8  feet,  and  the  velocity  of  flow 
3  feet  per  second.  According  to  the  above  table  the 
co-efficient  Cr  suitable  to  this  case  would  be,  say,  0*025, 
hence  the  loss  of  energy 

L,  =    0025  12  ^  =  00:U2   x   0-109 

Zfi  =  0-0034  feet, 

expressed  as  head  of  water ;  this  is  so  small  a  proportion 
of  the  total  available  head  of  15  feet  as  to  be  practically 
negligible. 

With  a  tube  of  twice  the  above  length,  20  feet,  and 
double  the  residual  velocity  of  flow,  6  feet,  the  value  of 
Zg  would  be  8  times  as  great  as  the  preceding,  but  even 
then  would  only  amount  to  0  0272  foot,  and  if  the  head 
were,  say,  24  feet  (almost  as  small  as  possible  with  20  feet 
of  suction-tube),  the  percentage  of  loss  would  be  only 
0*11  per  cent. 

Loss  in  Ghtide  Passages,  The  resistance  offered  to  the 
water  in  flowing  through  the  guide  passages  may  be 
represented  by  a  single  co-efficient,  the  value  of  which 
does  not  vary  much  for  the  usual  construction  of  this  part 
of  a  turbine.     The  lower  portions  of  the  guide-vanes  are 
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generally  made  parallel  with  each  other  in  axial  turbines 
for  a  considerable  length  above  the  orifices,  so  that  there 
is  no  contraction ;  also  the  passages  are  so  formed  that  in 
flowing  through  them  the  stream  of  water  undergoes  no 
sudden  change  of  section.  The  conditions  under  which 
the  outflow  takes  place  are  therefore  peculiarly  favourable. 
Under  these  circumstances,  if  the  surface  of  the  vanes 
were  smooth  and  polished,  the  co-efBcient  Ci  (in  the  ex- 
pression (6)  for  ij)  would  be  from  0042  to  0025,  or 
otherwise  expressed,  the  velocity  of  flow  would  range 
from  0*96  to  0*976  of  the  value  it  would  have  were  there 
no  resistance.  In  fact,  the  surfaces  of  the  vanes  are  com- 
paratively rough,  so  that  a  somewhat  higher  co-efBcient 
must  be  used,  say,  0'053,  corresponding  to  a  ratio  of  the 
actual  to  theoretical  velocity  of  0*95. 

A  very  usual  value  for  the  velocity  of  flow  c  in  a  re- 
action turbine  of  the  Jonval  type  is  c  =  07  A^2gh,  corre- 
sponding to  about  half  the  actual  head  h.  Taking  this 
velocity  to  be  095  of  that  which  would  occur  were  there 
no  resistance  in  the  guide  passages,  the  ratio  of  the 
energy  due  to  the  former  velocity  to  that  due  to  the  latter 
would  be  as  (0'95)*:  1,  or  0*90,  corresponding  to  a  loss  of 
10  per  cent. ;  but  as  the  velocity  of  flow  only  represents 
one-half  of  the  available  head,  the  actual  loss  as  compared 
with  the  head  would  be  5  per  cent. ;  with  polished 
surfaces  it  might  be  3  to  4  per  cent. 

Weisbach  found  by  experiment  the  value  of  Ci  to  be 
from  005  to  010,  Hanel  gives  Ci  =  010  to  0*20,  and 
Francis  0'20  and  over;  for  practical  purposes  0*125  =  ^ 
may  be  taken  as  an  average  value,  but  is  rather  high  for 
a  good  turbine.  In  impulse  turbines  Ci  has  been  found 
to  range  from  0*11  to  0*17,  and  there  is  no  reason  why  it 
should  be  different  for  reaction  wheels. 


f 


00  HYDRAULIC  MOTORS. 

Loax  due  to  Impact.  Tliis  loaa  ij,  it  has  been  already 
stated,  does  uot  occur  to  any  appreciable  extent  in  a 
turlrioe  working  at  tbe  best  speed  with  properly  con- 
structed vanes,  in  which  the  water  enters  the  wheel- 
buckets  parallel  with  the  surface  of  the  vanes.  There 
will,  it  is  true,  even  under  the  latter  conditions,  be  a 
certain  loss  of  this  kind,  owing  to  two  causes :  (1)  the 
slight  excess  of  width  of  the  wbeel-buckets  over  that 
of  the  guide  passages,  and  (2)  the  leakage  through  the 
clearance  space  between  guide  passages  and  wheel ;  in 
consequeuce  of  these,  the  velocity  relative  to  the  wheel 
is  suddenly  retarded  on  entering  the  latter.  This  source 
of  loss  will  however  be  included  under  the  losses  in  tbe 
wheel-buckete  for  practical  calculations.  For  an  example 
of  the  calculation  of  the  loss  Z^  the  following  data,  taken 
from  an  actually  constructed  turbine,  may  be  used :  a  = 
73°  30',  a,  =  90°,  »in  a  =  0-96,  cob  a  =  0  28-t,  c  =  20 
feet  per  second,  ir,  =  29'2  feet  per  second,  the  proper 
speed  being  20  feet ;  allowing  for  an  excess  of  width  in 
the  entrance  to  the  wheel-bucket  and  leakage  through 
the  clearance  space,  c,  may  be  taken  at  5-34  feet  instead 
of  5'68  =  ccos  a;  {cos  o,  =  ««  0°  =  1). 

Hence,  using  formula  (c)  (approximately) 


'  =  1-564  foot 


64 

expressed  as  bead. 

The  total  head  For  the  turbine  in  question  is  14*75 
feet;  the  loss  therefore  amounts  to  10'6  per  cent,  and  is 
due  to  the  wheel  running  at  a  speed  much  greater  than 
the  best. 

It  will  be  found  that  for  w,  =  19'2  the  second  quantity 
in  the  brackets  becomes  nil. 

There   is  good  reason  to  believe   that  the  loss  from 
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shock  as  determined  by  the  preceding  method  is  in 
excess  of  that  actually  taking  place,  especially  when  the 
deviation  from  the  best  speed  is  considerable.  Taking  an 
extreme  case,  when  a  stream  of  water  impinges  at  right 
angles  against  the  surface  of  a  vane,  according  to  the 
formula  given  the  w?iole  of  the  energy  represented  by  the 
velocity  of  the  stream  would  be  lost ;  this  in  fact  does  not 
happen,  as  a  portion  of  the  water  itself  forms  a  guide  for 
the  rest  of  the  stream,  interposing  between  the  latter  and 
the  vane,  and  causing  a  deflection  of  the  fluid  over  a 
cun>€d  surface  instead  of  an  abrupt  stoppage.  It  should 
also  be  mentioned  here  that  the  theoretical  conditions  for 
avoidance  of  impact  are  not  always  those  corresponding  to 
the  minimum  loss.  This  will  be  further  considered  in  the 
sequel. 

Loss  by  Leakage  through  Clearance  Space.  It  is  obvious 
that  to  avoid  friction  between  the  wheel  and  the  guide 
apparatus  there  must  be  a  certain  amount  of  clearance, 
and  the  excess  of  pressure  inside  the  turbine  at  the 
points  where  the  water  leaves  the  guide  passages  over 
that  outside  will  force  it  out  through  the  annular  space 
between  the  wheel  and  guide  passages.  If  the  pressure 
inside  should  be  less  than  outside — which  is  possible 
— water  would  be  forced  into  the  wheel  through  this 
space;  in  practice  this  is  raiely  the  case,  and  it  will 
be  assumed,  for  the  purpose  of  investigation,  that  the 
pressure  Pi  inside  is  greater  than  p^  the  pressure  outside. 
The  quantity  of  water  which  will  leak  out  is  obviously 
the  product  of  the  velocity  of  flow  through  the  clearance 
space  and  the  area  of  the  latter.  The  velocity  is  that 
due  to  the  head  pi  —  jjg  multiplied  with  a  co-efficient  of 
discharge,  which  may  be  taken  as  0*7. 

The  clearance  for  turbines  of  moderate  dimensions  can- 
not»  for  the  present  purpose,  be  safely  taken  as  less  than 
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J  inch,  as  there  is  always  a  tendency  for  it  to  increase 
with  the  wear  of  the  footstep.  If  D  be  the  diameter  of 
the  wheel  where  the  water  enters,  then  the  quantity 
leaking  through  the  clearance  space  must  be 

q  =  070  ;^{p,  -  p,)  2g  x  2DUt 
where  t  is  the  clearance. 

It  has  been  shown  that  Pi  —  Pi  =  h  --  (I  +  C)  ^  ; 

hence  q  =  070    /2^  (  A  -  (1  +  ^  ^  )   X   2  D  U  t. 

The  loss  of  energy  from  leakage  is  clearly  proportional 
to  q,  and  the  percentage  of  loss  increases  as  the  square 
root  of  the  head  A,  and  is  inversely  proportional  to  the 
total  quantity  of  water  flowing  through  the  turbine.  It 
is  impossible  to  determine  exactly  what  occurs  at  the 
clearance,  since  the  conditions  are  very  complicated;  as 
a  portion  of  the  water  leaks  out  before  reaching  the 
wheel-buckets,  the  conditions  of  continuity  in  the  guide 
and  wheel  passages  are  not  strictly  fulfilled,  and  in  con- 
sequence some  interference  with  the  assumed  theoretical 
state  of  affairs  occurs,  which  must  react  on  the  pressures 
p^  and  P2,  and  modify  the  leakage  in  a  manner  which  it 
is  impossible  to  calculate. 

Loss  in  Wheel.  This  includes,  in  addition  to  the  loss 
due  to  friction  and  the  curved  form  of  the  passages,  that 
resulting  from  the  obstruction  offered  by  the  edges  of  the 
wheel- vanes  to  the  free  flow  of  the  water. 

Its  effect  is  to  cause  a'  more  or  less  sudden  contraction 
of  the  stream  entering  the  buckets.  If  the  edges  of  the 
buckets  were  flat  with  sharp  corners,  the  loss  would  be 
proportional  to  the  square  of  the  difference  between  the 
absolute  velocities  of  flow  before  and  after  entering  the 
buckets. 
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In  practice,  tlie  edges  of  the  wheel-vaDes  at  the  iaSow 
ar«  tapered  oGf,  as  shown  in  Fig.  47,  and  the  loss  due  to 
the  ohstniction  caused  h;  thetn  is  slight. 

The  loss  in  the  wheel-buckets  is  similar  in  character  to 
the  loss  incurred  in  the  guide  passages,  and  its  ratio  or 
percentage  to  the  total  head  is  about  the  same. 

For  practical   purposes  it  would   he   a  too   laborious 

process  to  attempt  to  calculate  separately  all  the  losses 

of  energy  sustained   by  the  fluid   from   the  moment   it 

leaves  the  guide  passages  to  that  at  which  it  issues  from 

Fig.  47. 


the  wheel-buckets,  and  the  uncertainty  of  the  phenomena 
actually  occurring  is  too  great  to  give  the  results  mucli 
value  even  if  this  were  done.  As  already  indicated,  all 
the  losses  occurring  during  the  period  referred  to,  which 
for  convenience  will  be  termed  loss  in  the  wheel,  may  be 
combined  and  represented  by  a  single  co-eflicient  Ct- 

Meissner  is  of  opinion  that  the  sum  of  the  losses  in  the 
guide  passages  and  in  the  wheel,  expressed  in  percentage 
of  the  total  bead,  are  about  the  same  for  all  reaction 
wheels,  aa  the  causes  which  tend  to  increase  the  resistance 
ta  the  one  diminish  it  in  the  other,  and  vice  vcrsd.  A 
high  velocity  in  the  guide  passages  is  accompanied   by 
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a  relatively  low  velocity  in  the  wheel-buckets,  while  a 
high  rate  of  flow  in  the  latter  corresponds  to  a  relatively 
low  rate  in  the  former. 

According  to  Hanel  C2  =  010  to  0-20. 

Experiments  made  by  Professor  Fliegner  tend  to  show 
that  ^2)  contrary  to  what  might  be  expected,  decreases  as 
the  excess  of  pressure ^1  —  j?^  increases;  but  a  sufficient 
number  of  results  are  not  available  to  be  of  any  practical 
use. 


Loss  froni  Resistance  of  Sluice. 

This  depends  almost  entirely  on  the  shape  of  the  lower 
edge  of  the  sluice,  and  the  co-efficient  in  formula  {g)  may 
range  from  4  to  1,  as  the  edges  of  the  sluice  are  sharp 
or  well  rounded  off;  there  is,  however,  little  doubt  that  it 
may  be  reduced  much  below  this  value  by  giving  the 
lower  end  of  the  sluice-gate  a  suitable  form. 

If  the  co-efficient  1  be  applicable,  the  loss  Z^  =  Ci  ^  is 

equal  to  that  due  to  the  residual  velocity  C4,  and  the  latter 
may  be  kept  within  small  limits  by  giving  the  sluice-gate 
a  large  opening. 


Loss  from  Residv/d  Velocity  of  Off -flow. 

The  velocity  with  which  the  water  leaves  a  turbine, 
whether  direct  from  the  wheel-buckets  or  under  the 
sluice  of  a  suction-tube,  ranges   in   practice,   as  a  rule, 

from  -g-  to  «:r   of  the   velocity  due  to  the   total  head 

/f^2gh) ;  for  high  falls  it  may  be  lower,  but  for  large 
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turbines  and  moderate -falb  ir^tfjh  may  be  considered 
the  lowest  limit 
If  t^  be  the  absolute   velocity  of  oflf-flow,   the  corre- 

spending  loss  is  expressed  by  ^  ,  and  for  n  =  -^r^tgh 

will  be  ( -^  )*  =  ST  of  the  whole  available  head,  or  4  per 

cent.;  for  u  =  ~T ^/^9^  ^^^  loss  would   be   j^  or   6 '25 
per  cent.  '  ^ 


One  of  the  losses  enumerated  disappears  when  a  turbine 
works  at  its  proper  speed,  viz.  Z,  the  loss  from  impact ; 
others  occur  only  with  a  suction-tube,  viz.  L^  and  Z^. 

Meissner  gives  the  following  summary  of  the  usual 
losses  in  a  Jonval  turbine  : — 

(1)  Sum  of  losses  by  friction  and  im- 

pact in  guide  apparatus  and 

wheel lOi  to  14   % 

(2)  Loss  due  to  residual  velocity         .       6    „     6    „ 

(3)  Loss  by  leakage  through  clearance 

space.  •      ^i  »    4J  „ 

(4)  Friction  in  air  and  water  and  of 

bearings        .        .  .       2    „     3|  „ 


Total     23     „     28  „ 


A  careful  estimate  of  the  average  losses  in  a  turbine, 
made  by  Mr.  Lehmann  from  an  analysis  of  experiments 
oa  thirty-six  turbines  varying  from  1  to  500  h.p.,  is  the 
foUowing:— 
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Loss  per  cent,  due  to 

Hydraulic  resistances    . 

Axial-flow 
Turbine. 

12 

Outward-flow 
Turbine. 

14 

Inward-flow 
Turbine. 

10 

Unutilized  energy 
Shaft  friction 

8 
3 

7 

2 

6 
2 

Total 

18 

23 

18 

Efficiency 

0-82 

077 

0-82 

In  estimating  the  hydraulic  efficiency,  which  has  hitherto 
been  understood  by  the  term  efficiency^  the  shaft  friction  is 
not  taken  into  account ;  but  in  practice,  unless  otherwise 
stated,  the  expression  denotes  the  ratio  of  the  work  as 
measured  on  a  brake — exclusive  of  shaft  friction — to  the 
available  energy. 

Mr.  Lehmann's  estimate  of  the  efficiency  is  for  ordinary 
wheels,  and  for  the  purpose  of  design  rather  too  high. 

Summary. 

(1)  Every  part  of  the  apparatus  forming  a  reaction 
turbine  must  be  full  of  water,  and  consequently  there 
must  be  continuity  of  flow,  the  whole  arrangement  being 
comparable  to  a  system  of  pipes  of  varying  section. 

(2)  The  available  energy  is  the  product  of  the  total 
head  and  the  weight  of  water  flowing  through  the  appa- 
ratus per  unit  of  time  (second  or  minute). 

(3)  The  useful  work  done  is  the  available  energy  less  the 
various  losses  arising  from  hydraulic  resistances  (friction, 
impact,  &c.),  leakage,  and  the  unutilized  energy  due  to  the 
remaining  velocity  of  the  water  on  leaving  the  apparatus. 

(4)  The  efficiency  is  the  ratio  of  the  useful  work  done 
to  the  available  energy,  or — what  comes  to  the  same  thing 
— the  ratio  of  the  useful  work  to  the  sum  of  the  useful 
work  and  the  various  losses. 
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(5)  The  use  of  a  suction-tube  with  a  reaction  turbine 
enables  the  wheel  to  be  placed  within  a  certain  limit 
at  any  height  above  the  tail-water  level  without  diminish- 
ing its  efficiency ;  the  theoretical  limit  of  this  height  at 
which  the  outflow  orifices  of  the  wheel  may  be  placed,  is 
that  of  a  column  of  water  equivalent  to  the  pressure  of 
the  atmosphere,  33*9  feet,  but  in  practice  it  is  consider- 
ably lower,  and  varies  according  to  the  proportions  of  the 
suction-tube. 

(6)  The   work    done    in    turning    any   turbine   wheel 
V depends  for  a  given  speed  on  the  change  in  the  momentum 

in  the  direction  of  rotation,  produced  by  the  deflecting 
action  of  the  wheel-vanes  on  the  water  passing  through 
them. 

Apart  from  losses,  the  work  done  is  equal  to  the 
difference  between  the  energy  of  the  water  entering  and 
that  leaving  the  wheel. 

(7)  The  available  energy  of  the  water  entering  a  re- 
action wheel  is  due  partly  to  its  velocity  and  partly  to 
its  excess  of  pressure  over  the  atmosphere.  This  excess 
may  be  negative ;  its  amount  depends  on  the  proportions 
of  the  turbine  under  any  given  conditions  as  to  head  and 
height  of  the  wheel  in  the  suction- tube. 

(8)  The  difference  between  the  pressure  of  the  water 
entering  and  that  leaving  the  wheel  is  independent  of  the 
position  of  the  latter  in  the  suction-tube. 

(9)  The  velocity  of  flow  in  any  one  part  of  a  reaction 
turbine  determines  that  in  all  other  parts.  It  is  con- 
venient for  purposes  of  comparison  to  deal  with  the 
velocity  with  which  the  water  leaves  the  guide  passages. 
This  velocity  is  primarily  dependent  on  the  head  of  water 
above  the  guide  passage  orifices  and  the  excess  of  pressure 
in  the  latter,  but  it  can  be  shown  that  it  is  unaffected  by 
the  position  of  the  wheel  in  the  suction-tube. 

w 
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(10)  The  velocity  of  flow  is  determined  for  a  given  turbine 
by  the  total  head  of  water  and  the  speed  of  the  wheel. 

According  to  the  construction  of  the  wheel,  the  manner  in 
which  the  velocity  of  flow  varies  with  the  speed  is  different. 

For  outward-flow  turbines  in  which  the  angle  a^  is 
positive  or  O*,  as  is  usually  the  case,  the  velocity  of  flow 
increases  continuously  with  the  speed.  For  a  radial 
inward-flow  turbine  the  velocity  of  flow  at  first  increases, 
and  subsequently  decreases  as  the  speed  becomes  greater, 
or  decreases  continuously. 

For  an  axial  turbine,  according  to  the  angle  €4.  the 
velocity  of  flow  increases,  remains  constant,  or  decreases 
with  an  increase  of  speed. 

(11)  The  velocity  of  flow  from  the  guide  passages  may 
be  either  greater  or  less  than  the  velocity  due  to  the 

head  V  =  sjigh,  according  to  the  proportions  between 
the  various  parts  of  the  turbine,  by  which  the  pressure 
2>i,  against  which  the  water  issues,  is  affected. 

This  velocity  decreases  as  the  ratio  of  the  effective 
sectional  area  of  the  guide  passages  to  that  of  the  outflow 
orifices  of  the  wheel  increases. 

(12)  The  efficiency  of  a  reaction  turbine  of  given  dimen- 
sions varies  with  the  speed,  and  is  greatest  for  a  velocity 
of  rotation  somewhat  in  excess  of  %a//'that  at  which  the 
wheel  would  run  without  a  load. 

The  extent  to  which  the  sluice  of  the  suction-tube  is 
opened  affects  the  efficiency  very  materially;  by  partly 
closing  the  sluice  the  efficiency  is  diminished  ;  other 
methods  of  regulation,  by  closing  some  of  the  guide 
passages  for  instance,  have  a  similar  effect. 


CHAPTER    V.  ^ 

THE  DESIGN  OF  REACTION  TURBINES. 

Simplifyiiig  assumptions. — Mathematical  conditions. — Relations 
between  pressores  and  velocities  of  flow. — Velocity  of  flow  from 
guide  passages. —Another  method  of  calculation. — Efficiency,  various 
formulas. — Connection  between  various  dimensions  of  turbines. — 
Effective  and  measured  areas  of  passages. — Methods  of  determining 
areas. — Radii  of  wheels. — Width  and  depth  of  buckets. — Number 
and  thickness  of  vanes. — Summary  of  formulas. — Application  to 
axial  turbines. — Usual  data  for  designing  turbines. — Influence  of 
relative  angle  of  outflow  on  efficiency. —General  rules  regarding 
suction-tube. — Alternative  data. — Vanes  of  turbines. — Usual  con- 
stmction  for  axial  turbines  :  guide-vanes  ;  wheel-vanes. — Back- 
vanes.  —  General  remarks.  —  Vanes  of  inward-flow  wheels.  — 
Absolute  path  of  water. 

EbTHEBTO,  in  dealing  with  the  theory  of  reaction  turbines, 
the  construction  of  the  latter  has  been  taken  as  a  given 
quantity,  and  their  actions  investigated  under  perfectly 
general  conditions,  that  is,  at  various  speeds  and  with  no 
special  assumptions  as  to  the  mode  of  construction. 

In  applying  the  theory  to  the  design  of  turbines,  the 
problem  to  be  solved  is :  Under  given  conditions,  what 
must  be  the  proportions  and  speed  of  a  turbine  con- 
structed so  that  it  may  work  to  the  greatest  advantage, 
that  is,  with  the  maximum  efficiency  ? 

It  has  been  shown  that  when  all  the  dimensions  of  an 
existing  turbine  are  known,  it  is  possible  to  calculate,  for 
a  particular  fall  or  head  of  water^  the  speed  of  the  vrhe^l 
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at  which  the  greatest  efficiency  is  realized.  The  various 
quantities  entering  into  the  calculation  are,  however,  so 
numerous,  nnd  their  relations  so  involvetl,  that  it  ia  aot 
practicable  to  apply  the  formula  usctl  to  the  deteimina- 
tion  of  the  best  proportions  for  a  new  turbine,  and  tor 
the  latter  purpose  some  assumptions  have  to  be  made 
which  materially  simplify  the  calculations,  and  at  the 
same  time  give  a  close  approximation  to  the  true  result. 

Under  ordinary  circumstances  a  turbine  is  required  to 
run  at  a  constant  speed,  and  this  speed  should  be  so 
chosen  that,  under  normal  conditions,  it  is  that  at  which 
the  motor  works  with  the  maximum  ef&ciency;  in  com- 
paring, therefore,  the  merits  of  various  systems  of  tui^ 
bines,  or  the  effects  of  varying  proportions  on  the 
efficiency  of  any  particular  class  of  turbine,  this  com- 
parison will  always  be  made  on  the  assumption  that  the 
wheels  are  running  at  the  best  speed. 

It  is  evident  that  the  maximum  efficiency  must  be 
attained  when  the  sum  of  all  the  losses  of  energy  is 
reduced  to  a  minimum. 

All  the  losses,  except  two,  depend  directly  only  on 
the  velocity  of  flow  of  the  water  in  the  particular  part  of 
the  turbine  in  which  they  occur.  When,  therefore,  the 
velocity  of  How  increases,  these  losses  also  increase,  but 
the  work  done  increases  in  the  same  ratio,  and  con- 
sequently the  efficiency  is  not  directly  affected.  The 
velocity  of  flow  itself  depends  to  a  certain  extent  on  the 
speed  of  the  wheel,  but  the  variations  in  the  former  due 
to  changes  in  the  latter  do  not  influence  materially  tike 
ratio  of  such  losses  to  the  total  available  energy. 

Two  of  the  losses,  as  above  stated,  are  however  dirtUly 
intluence<l  by  the  speed  of  the  turbine.  These  are,  (1)  the  ' 
loss  due  t«  impact  or  shock  of  the  water  on  entering  the 
wheel-buckets,   and  (2)  the  loss  from  unutilized  energy 
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due  to  the  residual  velocity  of  tlic  water  leaving  the 
turbine  (Lf). 

If  therefore  the  speed  is  so  determined  that  these  two 
losses  are  reduced  to  a  minimum,  it  will  be  a  sufficiently 
close  approximation  to  the  best  speed. 

As  previously  indicated,  the  loss  (1)  will  disappear  if 
the  water  enters  the  wheel-buckets  with  a  relative 
direction  parallel  with  that  of  the  end  of  the  wheel-vanes 
at  the  points  of  entry,  while  loss  (2)  will  be  smaller  the 
less  the  residual  velocity  of  off-flow  u  from  the  wheel. 

Fig.  48. 


The  absolute  velocity  of  flow  at  the  moment  the  water 
enters  the  wheel-buckets  is  the  resultant  of  the  velocity  of 
rotation  of  the  wheel  and  of  the  velocity  of  flow  relative  to 
the  latter  at  the  point  of  entry ;  hence  this  absolute  velocity 
of  flow  must  coincide  with  that  of  the  water  leaving  the 
gaide  passages,  and  the  angles  of  the  guide-vanes  and 
wheel-vanes  at  the  point  of  inflow  of  the  water  be  made 
to  fulfil  these  conditions,  if  the  fluid  is  to  enter  without 
impact. 

Let  0  £,  Fig.  48,  represent  as  regards  value  and  direc- 
tion the  absolute  velocity  of  flow  c  of  the  water  leaving 
the  guide  passages,  and  0  A  the  speed  of  rotation  20 1  of 
the  wheel  at  the  point  of  outflow  0.    Join  A  B ;  then  the 
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latter  represents  by  its  length  and  direction  the  relative 
velocity  of  flow  Cj,  and  the  tangent  0  D  to  the  curve  of  the 
wheel-vane  at  the  point  0  should  be  parallel  with  A  B, 
while  0  B  gives  the  inclination  of  the  guide-vanes  where 
the  water  leaves  them.  B  0  Xi&  the  angle  a  formed  by 
the  guide-vanes  at  the  point  0,  with  a  line  0  JT  at  right 
angles  to  the  direction  of  rotation  0  A,  and  in  the  plane 
defined  hj  0  A  and  the  tangent  0  D  to  the  wheel-vane  at 
the  point  0.  In  radial  turbines  0  JT  is  radial,  in  axial 
turbines  parallel  with  the  axia  D  0  X  is  the  angle  a, 
formed  by  the  wheel-vanes  at  the  point  0  with  0  X. 

Expressed  algebraically  the  conditions  for  entrance  of 
the  water  without  impact  are  the  following : — 


10,   - 


Cicos  ai  =  c  cos  a. 

(A) 

Ci  sin  Oj  =  c  sin  a. 

w 

(^  =z  c^  +  w^  - 

-  2  Ci  Wi  sin  a^. 

(G) 

u\      sin  (a+Oi). 

(n\ 

c            cos  a^ 

yyi) 

Fig.  49. 


Their  derivation  will  be  clear  from  an  inspection  of  the 

diagram,  Fig.  49. 

With  respect  to  the 
loss  from  unutilized 
energy,  it  has  been 
shown  that  the  absolute 
residual  velocity  u  with 
which  the  water  leaves 
the  wheel-buckets;  is 
the  resultant  of  the  re- 
lative velocity  c^  with 
which  the  water  issues  from  the  latter  and  the  velocity 
of  rotation  w^^  at  the  corresponding  point  (Fig.  50). 
For  any  given  direction  of  Cg  a  little  consideration  will 
show  that  u  is  a  minimum  when  the  water  leaves  the  wheel 
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parallel  witb  0  X,  that  is,  radially  in  a  radial  turbine  and 
axially  in  an  axial  turbine,  vide  Fig.  51,  so  that  c^  is  the 
bypothenuse  of  a  right-angled  triangle  of  which  u  and  w^ 


Fig.  50. 


Fig.  61. 


O 

"f-          . 

X 

Ci  $in  aa  =  ir^ 

are  the  sides.  If  02  =  90°,  then  w  =  0,  but  this  is  for 
practical  reasons  impossible,  as  in  that  case  the  water 
could  not  get  away  from  the  wheel.  In  fact  02  ranges 
from  80°  to  65°. 

Algebraically  the  condition  for  radial  or  axial  off-flow  is 
expressed  by 

^0^  ^  Cj  sin  Oj.  {!)) 

The  two  fundamental  assumptions,  therefore,  from  which 
the  best  speed  is  in  practice  determined,  are :  (1)  Entrance 
of  water  without  impact,  and  (2)  Radial  or  axial  exit  from 
wheel. 

These  assumptions  tend  to  simplify  very  considerably 
all  the  various  expressions  previously  developed  for  the 
quantities  relating  to  reaction  turbines. 


Work. 

As  the  water  loaves  the  wheel  at  right  angles  to  the 
direction  of  rotation,  it  has  no  component  of  velocity  in 
that  direction,  and  the  momentum  with  which  the  fluid 
enters  the  wheel  is  reduced  at  the  time  of  leaving  to  nil, 
and  therefore  the  force  exerted  on  the  vanes  is  represented 
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solely  by  tbis  momentum  wt  c  sin  a,  and  tbe  work  done  per 
uult  of  weigbt  is 


Now  v\  =  -     ii>^  =  -    Cj  sin  Oj,  since  W    =  c^  sin  a,, 
r^  =  c  -J    by  the  conditions  of  continuity; 
lienco  JK„  =  -  "  -p  c*  sin  a  sin  a^  (ii) 

or  IF,  =  —  -7  -J  c-  sin  a  sin  a^  for  llie  total  work.        (ilA) 


Pressure  Difference. 

The  pressure  of  the  water  leaving  the  guide  i 
expressed  in  "  head  "  is  j'l,  and  by  the  time  it  issues  from 
tlie  wheel-buckets  this  is  changed  to  j>,;  the  difference 
between  these  two  pressures  is  determined  (1)  by  tbo 
cliange  in  the  relative  velocity  of  flow  from  c,  at  the  inflow 
to  Cj  at  the  outflow  from  the  wheel;  (2)  by  losses  in 
the  wheel,  including  leaki^e  through  the  clearance  space; 
and  (3)  by  the  centrifugal  action  resulting  from  the  change  . 
in  tlie  velocity  of  rotation  as  the  water  flows  outwards  or 
inwards  in  a  radial  turbine ;  hence 

P>  -  i'2  =  4  (r'  -  '-.'  +  <i  V  +  '<  -  ''<^h       Ci») 

c'    .  . 

where  C  jr  is  the  loss  in  the  wheel  ns  previously  defined. 

'  in  an  axial  (or  parallel  flow)  turbine  the  term  «','— w,* 
representing  the  centrifugal  action  disappeai'S,  since  if',=ir^ 
but  as  the  inflow  is  higher  than  the  outflow,  tlic  diflerence 
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of  level  (  =  height  of  the  buckets)  A„  appears  in  formula  (iii), 
"which  becomes 


i^i  -  ih  =  20  ^'^^'  "  ^''  "^  ^^  ^^^^  ■" '' ' 


(iiiA) 


It  will  be  seen  from  (iii)  that  for  an  inward-flow  turbine 
the  pressure  difference  is  increased  t>y  the  change  in  the 
velocity  of  rotation  (as  Wi  r>  w^,  while  in  an  outward-flow 
turbine  the  reverse  is  the  case. 

The  available  energy  of  the  water  on  leaving  the  guide 
passages  is  that  due  to  the  difference  of  pressures  Pi-j^i^ 
plus  that   corresponding    to  the   velocity  of  flow  c,   or 

az  +  Pi  •"  i^a;  hence  available  energy  for  wheel,  by 
substitution, 

This  must  equal  W^  the  work  done  plus  the  unutilized 
energy  due  to  the  velocity  u  and  the  loss  in  the  wheel, 


n^ 


From  this  relationship  the  velocity  of  flow  can  be  calcu- 
lated, but  it  is  more  convenient  for  practical  purposes  to 
effect  the  calculation  in  a  different  way. 

As  already  shown  (p.  54,  formula  (6) ),  when  c  is  known 
the  pressure-difference  can  be  determined  by  the  formula 


V 


c^ 


t  -  P.  =  A  -  (1  +  C)  2y 

and  this  is  generally  the  more  convenient  method.  As  a 
rule  the  determination  of  the  pressure-difference  is  not 
required  in  practice. 
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Velocity  of  Flow, 

The  velocity  of  flow  c  is  generally  determined  from  the 
equation 

1  r  A 
By  (ii)  W^  =  — ~  ~j~  (^  sin  a  sin  a^ 

For  practical  purposes  the  loss  Z^  i^^y  ^  divided  into  two 
parts :  one  made  up  of  the  losses  in  the  wheel  itself,  and 

/.2 


expressed  by  C%  a  ;   the  other  of  the  loss  in  the  guide 

passages  and  other  parts  of  the  motor,  expressed  by  Ci  o~* 

Where  there  is  a  long  supply-pipe,  suction-tube,  and 
sluice,  the  losses  caused  by  these  must  also  be  included 
in  L^. 

The  velocity  of  ofF-flow  u,  as  can  be  easily  seen  by 
reference  to  Fig.  51,  is 

W  =  Cjj  cos    Oj. 

By  substituting  these  values  in  the  general  equation, 
there  follows : — 


and  since 


c^  = 


from  this  by  suitable  transposition 

__  ~2ffh  (iv) 

r  A  (A  V 
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=  i^.. 


/      r  A  (A  V 

then  c  =  Ky  j^Jtgh. 

For  ordinary  practice  the  value  of  K^  is  confined  within 
comparatively  narrow  limits,  but  by  altering  the  propor- 
tions of  certain  parts  of  a  turbine,  it  may  be  made  to  vary 
through  a  wide  range. 

The  values  of  Ki  for  a  variety  of  cases  will  be  found  in 
Table  I.  In  this  table  for  a  given  value  of  o^  the  co-effi- 
cient Ki  has    been    determined,  which    corresponds  to 

•    A.  7* 

different  values  of  a,  -j^,  and  — ;  the  co-efficients  Ci  and  C^ 

have  been  taken  as  constant ;  although  in  all  probability 
Cs  varies  with  the  dimensions  of  the  turbine,  there  are  not 
sufficient  data  to  accurately  determine  this  point,  and  for 
practical  purposes  a  constant  value  may  be  used. 

From  the  table  the  effect  of  various  proportions  between 
the  parts  of  the  turbine  on  the  velocity  c  can  be  studied. 
It  will  be  seen  that  for  given  ratios  between  r^  and  r,  and 
A  and  A^  the  co-efficient  K^  increases  as  a,  the  angle  at 
which  the  water  leaves  the  guide  passages,  decreases;  for 

A.  7* 

example,  for  a^  =  75°,  -j-  =  2  and  —  =  t>  with  a  =  To"", 

iTi  =  0-424,  while  with  o  =  60°,  K^  =  0*444 ;  similarly  for 
-^  =  0-5  and  the  same  ratio    \  with  a  =  75°,  JT,  =  0-864, 

-^2  ^2 

and  with  a  =  60°,  K^  =  0906. 

The  effect  of  varying  a  alone  is  evidently  not  very  great 
within  practical  limits. 
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With  respect  to  the  influence  of  — ,  reference   to  the 

table  shows  that  with  decreasing  values  of  this  ratio  K^ 

A 
increases ;  with  a  =  75°  {a^  being  also  75°)  and  -j-  =  1 ; 

for  -  =   ^,  I,  and   1,  K^   =    0-566,   0614,   and   0685 

respectively. 

The  most  important  factor  as  regards  its  effect  on  the 

A 
velocity  of  flow  is  the  ratio  -t-\  for  Og  =  75°,  a  =  75°,  and 

-  =  4 ;  K.  varies  from  0*424  with  -r-  =  2  to  0864  with 

-i-  =  Oo. 

The  smaller  the  velocity  of  flow  from  the  guide  pas- 
sages, the  greater  is  the  proportion  of  available  energy 
existing  in  the  form  of  pressure  in  the  fluid  at  the  moment 
it  enters  the  wheel-buckets.  Some  writers  call  this  pro- 
portion the  degree  of  reaction  with  which  the  turbine  works, 
so  that  the  less  the  velocity  of  flow  with  a  given  head  the 
greater  the  degree  of  reaction.  It  will  be  seen  from  the 
figures  above  given  that  this  degree  of  reaction  depends 

A 
chiefly  on  the  ratio  of  -j-y  but  also  to  a  less  extent  on  the 

other  dimensions  of  the  turbine. 


Another  Method  of  calculating  the  Value  of  Ki. 

For  ordinary  practical  purposes  the  best  method  of 
determining  ICi  is  based  upon  the  following  considera- 
tions : — 

The  useful  work  done  can  be  expressed  as  W^  =  €  E^, 
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and  substituting  for  W^  and  E^  their  values  from   for- 
mula (ii)  p.  104,  and  p.  50,  respectively  there  results 

c^  A  r^    .         .  , 

—  -3 »in  a  stn  a^  =  €  h 

or  r*  =        'a     ,    

-J S171  a  8in  a^ 


whence     c  = 


€  2gh 


Y        2  -^ %in  a  sin  Og 

Now  for  the  efficiency  c  in  the  abovje  expression  some 
value  may  be  assumed  which  experience  has  proved  to 
be  probable,  with  a  sufficient  margin  to  allow  for  slight 
variations,  so  that  the  velocity  of  flow  may  not  be  too 
highy  and  consequently  the  area  for  the  guide  passages 
insufficient. 

For  the  purpose  in  question  €  may  be  taken  as  0*81  in 
ordinary  cases,  and  then 


1  J       A    T^     , 

V     I  —. Bxn  a  S171  Oo 

A^r^ 

It  is  almost  superfluous  to  remark  that  whore  special 
circumstances  exist  tending  to  increase  the  losses,  such, 
for  instance,  as  a  long  supply-pipe  or  channel,  these 
must  be  taken  into  account,  and  a  correspondingly  lower 
efficiency  assumed ;  it  is  better,  in  such  cases,  to  use  the 
first  method  of  calculating  JTiand  add  the  necessary  co-effi- 
cients, for  the  particular  kind  of  additional  resistance 
occurring,  in  the  denominator. 

A  third  expression  for  K^  very  usually  adopted  for 
Jonval  turbines  is — 


K,  =  0-9  J- 


COS  Oi 


2  sin  (a  +  Oj)  sin  a 


no 
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This  is  in  fact  identical  with  the  preceding  formula,  and 
is  arrived  at  in  the  following  way  :— 


As  before, 


fT.  =  €  jsr. 


and  from  the  formula  on  p.  104, 


Wu  =  -  c  Wi  sin  a: 

•      XV   r     ^  ^^v        ^^1       sin  (a  +  a,) 
now  by  C^  (p.  102)       ^  =  -     ^    ^    >^ 


cos  a. 


whence 


Wt  =  c 


sin  (a  +  a,) 


cos  a. 


and  by  substitution 


c*  si?i  (a  +  a,)  sin  a 

"  ^  COS  tti 

c*  st?i  (a  +  aj)  sill  a 
a  cos  a, 


=  €  A; 


and  therefore 


•2   — 


cos  tti 


sin  (a  +  tti)  sin  a 


€^A, 


or 


and 


c  = 


€  2^/i  cos  Oi 
V     2  sin  (a  +  a^)  si?i  a 


A-x 


V 


€  COS  Oi 


2  stTi  (a  +  04)  61H  a 


For  the  ordinary  form  of  Jonval  turbine,  with  stereo- 
typed values  of  a,  a^  and  o^,  the  above  formula  is  very 
convenient;  but  it  is,  in  the  author's  opinion,  unsuited 
for  general  use.  In  the  first  place,  the  angle  of  outflow 
a^  depends  on  all  the  other  leading  proportions  of  the 
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turbine,  j-,  Og  and  -^j  as  well  as  a,  and  cannot  therefore 

A 
be  assumed  without  involving  these.     The  ratio  -j-  is  the 

proportion  which  has  more  influence,  for  a  given  class  of 
motor,  than  any  other  on  the  performance  of  a  reaction 
turbine,  and  it  ought  therefore  to  form  the  starting- 
point  in  designing  one.  In  the  second  place,  a  slight 
alteration  in  a^  very  materially  affects  the  value  of  JTi 
when  calculated  by  the  above  formula,  while  in  reality, 

provided  -j-  is  not  altered^  the  influence  of  such  a  modifi- 

-^2 

cation  on  the  velocity  of  flow  is  unimportant.  Of  course 
the  theoretical  assumption  is  that  if  a^  is  vaiied,  all  the 
other  dimensions  are  changed  to  correspond,  so  that  the 
conditions  of  the  inflow  without  shock  and  vertical  or 
radial  outflow  are  always  fulfilled ;  in  practice,  however, 
it  often  occurs  that  a  turbine  has  not  been  designed 
strictly  in  accordance  with  these  principles,  and  then,  if 
the  formula  in  question  ia- employed,  the  calculated  result 
will  be  further  from  the  truth  than  if  the  expression 
previously  given  be  used,  in   which  a^  does  not  appear, 

but  in  which  the  correct  values  of  -r-  and  Og  are  sub- 

stituted.  In  such  cases  a  deviation  of  the  value  of  a^ 
firom  that  corresponding  to  inflow  without  shock  implies, 
when  used  to  determine  JTi,  a  simultaneous  modification 
of  the  other  dimensions  which  does  not  really  take 
place. 

For  these  reasons,  in    comparing    experimental   with 
theoretical  results,  for  IC^  the  formula 
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K,  =  y/ 


2-A  i\    , 
—i —  8171  a  sin  a« 

A  ^2  ^ 


is  always  to  be  preferred  to  any  other,  since  it  gives 
results  which  approximately  agree  with  experiment,  even 
when  the  assumed  conditions  on  which  it  is  based  are 
not  accurately  fulfilled. 

Velocity  of  Rotation  (Speed). 

For  vertical  or  radial  discharge  from  the  wheel   {vide 
(J9)  )  the  velocity  of  rotation  at  the  outflow  must  be 

2^2  =  Cg  sin  ttg 
and  the  velocity  at  the  inflow 


or  since 


'■^  =  a/ 


A  o\ 


(v); 


but 


^'  =  (1  r,  **■"  "*)  ^'  "^  ^^^ 
If  the  quantity  l-j-  —  sin  a^j  Ki  he  denoted  by  JT^.  then 


Therefore 


the  velocity  of  rotation  can  be  written 


h  =  K^\/  ^gh 


(VA) 


K^  may  be  termed  the  co-efficient  of  speed ;  like  K^,  for  a 
given  type  of  turbine  of  normal  proportions,  its  value  lies 
within  narrow  limits. 


TEE  DESIGN  OF  REACTION  TURBINES,         113 

Efficiency. 

This,  as  has  been  previously  shown,  may  be  generally 
expressed  by  the  ratio  of  the  useful  work  done  to  the 
useful  work  plus  losses  from  all  causes,  or 

W 

'-  w  +  L,  +  i:,;&c. 

Under  the  special  assumed  conditions  as  regards  the  inflow 
and  outflow,  this  takes  the  form — 

2  c*    ■  -r  Sin  a  stn  a^ 


r  A  I A  V 

c^  \2  ^  J-  sin  a  si7i  a^  +  Ci  +  [-j-j   (Cs  +  cos  ^a^)  \ 

from  which  c^,  being  a  factor  both  in  the  numerator  and 
denominator,  disappears,  and  hence 

^r^A. 

2  —  -T-  sm  a  sin  a^ 

€  =  TlAl (vi) 

2  -    -J   stn  a  sin  a^  +  Ci  +  \j[)    (C2  +  cos  -a,) 

This  expresses  the  fact  that  the  efficiency  of  reaction  tur- 
bines, designed  in  such  a  manner  that  the  water  enters 
without  impact  and  leaves  at  right  angles  to  the  direc- 
tion of  rotation,  is  independent  of  the  velocity  of  flow, 
and  therefore  the  efficiency  may  be  as  great  or  greater 
in  a  turbine  with  a  low  velocity  of  flow  from  the  guide- 
J^^hoob-as  in  one  where  this  velocity  is  high.     When  c  is 

small,  in  comparison  with  a/  2  ghy  the  subsequent  relative 

acceleration  due  to  decrease  of  pressure  is  greater  than 

when  c  has  a  relatively  high  value,  this  acceleration  being 

due  directly  to  the  water  having  to  pass  through  passages 

of  diminishing  area. 

I 


'V**' 
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2 -J-  sin  a  »in  a., 


(viA) 


Where  a  suction-tube  is  used,  the  last  quantity  in  the 
denominator  of  €,  representing  the  absolute  velocity  u 
with  which  the  water  leaves  the  wheel,  is  replaced   by 

c/-  =  \--4-)  C-,  so  that  including  resistance  of  sluice 

a  -^2 

.2  f,  2;  ^^'^  «  •""«  «.  +  Ci  +  C,  [j]  +  C  [■j-J 

where  (^  =  1  +  f^,  i?irfc  p.  87. 

These  somewhat  elaborate  formulas  for  the  efficiency 
are  given  for  the  reason  that  they  show  how  it  is  affected 
by  the  leading  proportions. 

The  simplest  expression  for  €  is 

W^      i(\  c  sin  a       tVi  Vi  ... 

'  =  -r  =  —^ — -gh- '         (^^«) 

but  to  make  use  of  this,  c  and  v\  must  first  have  been 
determined. 

If  e^  and  c^  denote  respectively  the  clear  width  of  the 
buckets  at  inflow  and  outflow,  then  approximately 

A   __  i\  Ci  cos  a 
A2      7*2  e,  cos  a^ 

By  substituting  this  value  in  equation  (vi)  for  the  efficiency, 
an  expression  for  the  latter  is  obtained  from  which  the 
influence  of  the  proportion  between  the  radii  r^  and  r^  can 
be  studied. 


€    = 


')'   \      iC  \ 

2  ( ~ )    {-^\  sin  a  cos  a  tang  a. 


~)  -*  sm  a  cos  a  tang  a^  +  Ci  +  (Ca  +  cos  ^a^) 

"2-    '2 

^'M^  l^iV  l^^^  ^  \^ 

f\)     \g,/    \cos  a  I 
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In  a  similar  way  the  velocity  of  flow  may  be  written 


/  2gh 


\2    j>  /*.  \2  /g  \2 


2  (^)    -*  »in  a  cos  a  tang  a^  +  Ci  +  i^- 


2'     \^i' 


(cos  a  \*  , -  -    ^ 


Practical  Application  of  T/ieory. 

In  order  to  apply  the  theory  as  hitherto  developed  to 
the  determination  of  the  leading  dimensions,  it  will  first 
be  necessary  to  examine  in  detail  the  connection  between 
the  viuious  quantities  introduced  into  the  calculations. 
So  far,  these  have  consisted  of  the  three  angles  a,  a^  and 
Oj;  the  sectional  areas  of  the  stream  at  various  points, 
A,  Ai  and  A^ ;  the  radii  at  the  points  of  entrance  and  exit, 
respectively  rj  and  r^ 

Let  A  B^  Fig.  52,  represent  the  course  followed  by  a 
thin  stream  during  its  passage  along  the  last  portion  of 
a  guide-vane,  and  B^  C  the  course  of  the  same  in  a  wheel- 
bucket;  the  width  of  the  stream — vide  Fig.  52 — at  jB,  B^ 
and  C  is  e,  Ci  and  e,  respectively,  e  being  the  width  of  the 
guide  passages  at  outflow,  and  e^  and  e^  the  widths  of  the 
wheel-buckets  where  the  water  enters  and  leaves  respect- 
ively. If  a;  be  the  depth  of  the  stream  at  the  point  B,  then 
— Fig.  53 — it  is  easy  to  see  that  x=  Bb  cos  a,  provided 

Bb  the  portion  of  the  circumference  intercepted  between 
A  B  and  a  &  be  so  small  that  it  can  be  considered  as  a  part 
of  a  straight  line.  The  sectional  area  of  the  thin  stream  at 
B  is  evidently  e  x\  and  as  c  is  constant  for  the  whole 
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circumference,  if  £  2>  be  that  portion  of  the  latter  con- 
tained between  two  vanes,  then  the  total  sectional  area  of 

the  water  flowing  through  one  guide  passage  is  B  D  ecosa; 


Fig.  52. 


^ L 


for  the  whole  circumference  the  sectional  area  Ai  is  the 
preceding  value  multiplied  by  the  number  of  guide 
passages.  If  the  vanes  were  extremely  thin,  the  value  of 
Ai  would  be  (whole  circumference)  X  e  x  oos  a;  as 
however  each  vane  has  a  certain  thickness,  t,  the  aggregate 
thickness  of  all  the  vanes  must  be  deducted  from  the 
above,  whence  the  nieastcred  area 

A^  =  2  Till  e  cos  a  --  z  t  e  —  z  B  U  cos  a, 

where  z  is  the  number  of  guide-vanes.  When  (rj)  the  radius 
of  the  wheel  where  the  water  enters  differs  considerably 
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Fig.  63. 


from  the  radius  at  which  the  water  leaves  the  guides,  the 
latter  value  must  be  used  in  the  above  formula;  this 
occurs  when  the  sluice-gate  passes  between  the  guide 
apparatus  and  wheel,  so  that 
a  large  clearance  is  necessary. 
For  purposes  of  approximate 
calculation,  e^  the  width  of  the 
wheel-buckets  where  the  water 
enters  may  be  taken  as  equal 
to  e  the  width  of  the  guide 
orifices,  although  in  practice  e^  is 
slightly  greater  than  e  to  allow 
for  play  and  inaccuracy  in  setting 
the  wheel  A^  and  A^,  the 
measfiired  inflow  and  outflow  areas 
of  the  buckets,  are  determined 
in  a  manner  similar  to  that  ap- 
plied to  Ai,  hence 


A^  =^  2  Till  e  cos  a   —  z  t  e 
Ax   =  2  ^'i  n  e^  cos  aj  —  Zy^  t^  Cj 

=  2  ^2  n  Cj  C(?S  ttj  —  Zi  t^  ^2 


A,' 


(«) 
(rf) 


where  t^  and  t^^  are  the  thicknesses  of  the  wheel-vanes  at 
the  points  of  entrance  and  outflow  respectively,  and  z^ 
the  number  of  vanes  in  the  wheel. 

If  the  depth  of  the  guide  passages  measured  on  the 
circumference — B  D,  Fig.  53 — be  denoted  by  «,  and  the 
corresponding  dimensions  for  the  wheel  passages  at  inflow 
and  outflow  by  s^  and  s^^  then  the  sectional  areas  may  also 
be  written — 

A}  ^  z  s  cos  a\   Ax    =  ^1  ^1  cos  a^;   A^  z=  z^  S2  cos  a^, 


and   hence 


e  z  s  cos  a 


c  z  s  cos  a 


A^       «j  «!  «i  C08  Oi  *   A2        C2  Zi  Sg  ^^  ^2 ' 


and 
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for  very  tliin  vanes,  or  when  z  s  =  z, «,, 

i-^-";  (vii) 

At         ros  O,  ^       ■' 

also  approxinmlely  —  =    ' ; 

Z,  If,         )-j 

.                               A        riCiCoaa  .. 

whence  -r  = (viii) 

These  values  are  sufBciently  close  for  first  approximations, 
and  more  convenient  to  use  than  the  accurate  formulas. 

For  axial  turbines  it  ia  merely  necessary  to  sitbstitute 
everywhere  for  j",  and  r^  the  mean  radius  r,  in  which  case 
A    _  f ,  WW  a 
A^       ff  cos  a  J 

lu  practice  the  simplest  plan  is  to  measure  off  the  clear 
depths  (perpendicular  to  the  direction  of  flow)  so>sa,  s,cosa„ 
and  Sj  cos  o^  from  a  drawing. 

The  (juautity  of  water  Q  passing  through  the  wheel 
per  second  is  generally  given,  and  wiien  the  velocity  of 
flow  c  has  been  found,  the  area  A  is  determined  by  it, 

Q 
since  Q  =  A  e,  whence  A  =  -■ 

It  is  very  evident  from  the  method  in  which  the  relative 
velocity  c,  and  direction  of  the  water  entering  the  wheel 
are  determined — so  that  no  shock  shall  occur — that 
when  w„  c  and  a  are  fixed,  a,  the  angle  at  which  the 
water  enters  relative  to  the  wheel  must  also  be  fixed. 
To  calculate  u',  and  c,  the  angles  a  and  a^  must  be  known 
or  assumed,  and  hence,  if  two  of  the  angles  are  given, 
the  third  necessarily  follows.  It  is  easiest  to  find  a, 
graphically  (vith  Fig  61).  The  algebraical  expression  is 
found  from  the  condition   that  the  speeil  of  the  wheel 
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stands  in  a  certain  definite  relation  both  to  the  angle  at 
which  the  water  enters  and  that  at  which  it  leaves  : — 

lOi  =  c  sin  a  +  (?!  sin  a^, 
and  also  w^  =  —  7^2  =  —  Cg  sin  a^. 

By  substituting  the  values  above  found,  so  as  to  give  c^ 
and  c^  in  terms  of  c,  A,  A^  and  A^,  it  is  easy  to  prove  that 

iang  a^  =  (~     -^tang  a^  —  tang  o,  (ix) 

approxinoately,  or  accurately — 

A  ri  sin  a^       .  ... 

ta7ig  a*  =  -i "  —  tang  a.  (ixA) 

^    '       -dg  ^2  cos  a  "^  ^      ^ 

The  values  of  Ai  and  -^2*  given  in  formulas  (6)  and  (d) 
are  the  sectional  areas  of  the  guide  and  wheel  passages, 
but  not  the  actual  efifective  sections  of  the  stream  itself. 
These  will  in  fact  be  less,  for  the  following  reasons : — The 
edges  of  the  wheel-vanes  passing  before  the  outlets  of 
the  guide  passages  obstruct  the  latter  and  diminish  the 
area  available  for  the  flow  of  the  water;  there  is  a 
momentary  diminution  of  this  obstniction  during  the 
time  that  a  guide-vane  covers  wholly  or  partially  a 
wheel-vane,  but  it  is  safe  to  assume  that  the  interference 
18  equally  great  at  all  times,  and  in  that  case  it  is  easy  to 
prove  that  the  area  of  the  guide  passages  is  diminished 

by  Zi  L  Ci.     In  the  case  of  a  Jonval  turbine,  where 

the  guide-vanes  are  parallel  for  a  portion  of  their  length 
near  the  outflow  orifices,  there  is  no  contraction  of  the 
stream,   and    therefore  the  effective  area  is  represented 

,        .,            ^    cos  a  .         ,  .  , 

by  A^  —  z^  ti e  =  A.      In    practice    this   can    bo 
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most  simply  measured  from  a  drawing ;  in  Fig.  54,  A  B 
represents  the  depth  or  thickness  of  the  obstructed 
portion  of  the  stream,  and  this  multiplied  by  the  width 
e  and  the  number  of  vanes  Zy^  gives  the  total  area  to  be 
deducted  from  A^. 

Fig.  54. 


In  radial  inward-  and  outward-flow  turbines,  in  addition 
to  the  reduction  of  the  constructive  area  from  the  cause 
just  explained,  there  is  a  further  reduction  owing  to  the 
contraction  of  the  stream  from  the  convergent  or  divergent 
direction  of  the  vanes,  and  the  value  A^  must  be  further 
multiplied  with  a  co-efficient  of  contraction  ;  for  the  latter 
the  value  0*9  may  be  taken. 

As  regards  the  eflfective  value  A^^  of  the  outflow 
orifices  of  the  wheel-buckets,  there  need  be  in  a  Jonval 
turbine  or  axial  turbine  no  contraction,  but  owing  to  the 
leakage  through  the  clearance  space,  less  water  passes 
through  the  wheel  than  comes  out  of  the  guide  passages. 
Meissner,  in  his  work  on  turbines,  takes  this  loss  into 
account  in  determining  A^,  but  there  is  so  much  uncer- 
tainty as  to  its  amount  that  it  appears  to  the  author  a 
waste  of  labour  to  do  this.     Hence,   when  there   is   no 
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contraction,  A^  =  A^K  and  has  the  value  given  in  for- 
mula (d).  In  a  radial  outward-  or  inward-flow  turbine, 
however,  contraction  of  the  stream  occurs  in  leaving  the 
wheel-buckets,  and,  as  in  the  previous  instance,  the  co- 
efficient G  may  be  taken  as  0*9. 

A 
The  true  value  of  the  ratio  -r  resulting  from  the  above 

considerations  would  therefore  be : — 

.,  cos  a 

A  *  ^  cos  ttj 


A^  A2 

Where  there  is  contraction  the  same  co-efficient  occurs  in 
both  numerator  and  denominator,  except  in  some  mixed- 
flow  wheels,  so  that  it  does  not  affect  the  proportion. 

In  determining  Ai,  A^  or  A^  there  is  no  necessity  for 
introducing  any  trigonometrical  quantities  at  all  into  the 
calculation ;  referring  to  Fig.  54,  the  distance  x  {  =  8  cos  a) 
between  two  guide-vanes  can  be  measured  directly  from  a 
drawing,  and  then  the  area  of  each  passage  is  expressed  by 
X  €,  and  of  the  whole  of  the  passages  by 

An  exactly  similar  method  may  be  followed  for  Ai  and 
-4,\  the  distance  between  the  vanes,  or  depth  of  the  pas- 
sages, being  respectively  x^  and  x^. 

In  the  case  of  the  guide  orifices,  if  the  thickness  A  B, 
Fig,  54,  be  denoted  by  y,  then  the  eflfective  area  A,  apart 
from  contraction,  is 

A-'Z  X  c-'Zi  y  e  =  e  (z  x—z^  y). 

For  radial  turbines,  the  distance  between  two  vanes  s 
measured  on  the  circumference  may  be  set  out  on  a  straight 

*  That  is,  the  effective  area  of  the  stream  equals  that  of  the  wheel- 
bucket. 
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line,  and  the  vane-angles  measured  relatively  to  a  perpen- 
dicular to  this  line,  so  that  both  vane  surfaces  become 
parallel.  The  mode  of  proceeding  then  becomes  just  the 
same  as  for  a  parallel-flow  turbine,  except  that  contraction 
has  to  be  allowed  for. 

I  Another  Method  of  Computing  A,  Ai,  A^, 

The  preceding  method  of  determining  the  outflow  areas 
from  the  guide  passages  and  buckets  is  based  upon  the 
assumption  that  all  the  consecutive  ideal  fllaments  of 
water  follow,  relatively  to  the  wheel,  similar  paths.  In 
radial-flow  turbines  this  condition  is  not  necessaiily 
always  fulfilled.  If  the  vanes  were  extremely  thin,  so  that 
on  leaving  the  orifices  the  streams  from  two  adjacent  pas- 
sages or  buckets  were  practically  in  contact,  the  assump- 
tion in  question  would  probably  be  correct,  but  in  practice 
the  thickness  of  the  vanes  divides  the  water  issuing  from 
two  neighbouring  orifices  into  two  distinct  streams,  which, 
for  an  appreciable  distance  after  leaving  the  orifices,  are 
free  to  follow  their  own  course  without  mutual  inter- 
ference. Each  stream  will  naturally  take  the  path  of  least 
resistance,  and  escape  by  the  largest  area  available,  pro- 
vided this  does  not  involve  a  sudden  change  of  direction. 
Such  a  path  is  not  always  that  corresponding  to  the  hypo- 
thesis of  a  similar  course  for  each  filament,  as  will  be 
clear  from  a  consideration  of  Fig.  55,  which  represents  an 
inward-flow  turbine  in  which  the  last  portion  of  each  vane 
at  the  outflow  is  straight.  In  this  case,  if  a  section  along 
A  B  he  considered  approximately  at  right  angles  to  the 
general  direction  of  flow,  it  is  clear  that  the  portion  of  the 
stream  which  has  passed  this  section  can  deviate  freely  in 
the  direction  indicated  by  the  arrow,  aimy  from  the  convex 
vane  surface,  but  is  prevented  by  the  latter  from  deviating 
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in  the  opposite  sense.  It  is  therefore  compelled  on  one 
side  to  follow  the  convex  surface  as  far  as  C,  where  the 
stream  may  be  said  to  finally  leave  the  wheel.  The  result 
is,  that  the  general  mean  direction  of  the  stream  as  it 
issues  from  the  wheel  is  parallel  with  the  convex  side  of 
the  bucket  (or  passage),  and  the  outflow  angle  a  or  Oj  is  as 
indicated.  After  passing  A  B,b.  contraction  of  the  stream, 
somewhat  as  shown  in  the  illustration,  occurs  at  X,  where  the 
effective  area  would  have  to  be  measured  if  this  were  possible. 

The  measured  outflow  area  is  that  corresponding  to  the 
shortest  distance  A  B  between  two  adjacent  vanes. 

There  might,  at  first  sight,  appear  to  be  some  question 
as  to  the  effective  outflow  radius  corresponding  to  the 
method  of  measurement  above  described,  but  on  considera- 
tion there  is  little  doubt  that  the  constncctive  outflow 
radius — measured  to  the  inner  or  outer  circumference  of 
the  vanes,  as  the  case  may  be — should  be  introduced  into 
the  calculations.  At  any  rate,  this  method  is  sufficiently 
accurate  for  practical  purposes.  Of  course  the  angle  of  flow 
and  velocity  of  flow  must  be  taken  at  the  same  mean 
radius.  The  area  of  outflow  thus  obtained  is  greater  than 
that  resulting  from  the  assumption  of  similar  paths  as 
previously  given.  The  niean  angle  of  outflow  for  each 
stream  is  under  these  circumstances  not  the  vane  angle, 
but  the  angle  formed  by  the  centre  line  XN  of  the  stream 
with  a  radial  line  drawn  to  the  point  of  intersection  with 
the  outflow  circumference  ;  this  angle  is  smaller  than  the 
vane  angle.  Where  the  outflow  end  of  each  vane  is  not 
straight,  a  similar  state  of  things  may  occur,  each  stream 
issuing  in  a  direction  parallel  to  the  tangent  to  the  vane- 
curve  on  the  convex  side,  or  when  the  vane-curve  is  a 
volute,  with  inflection,  parallel  to  the  tangent  at  the 
extremity  of  the  concave  side  (Fig.  57). 

For  outward-flow  turbines  in  which  the  vanes  are  con- 
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siructed  as  shown  in  Fig.  56,  it  is  clear  that  the  effective 
outflow  area  is  that  corresponding  to  JC^  while  the  effective 
angle  of  outflow  is  as  shown,  the  mean  direction  of  flow 
being  parallel  with  the  concave  sides  of  the  vanes.  In 
such  cases  no  allowance  is  necessary  for  contraction  if  the 
various  parts  of  the  stream  become  parallel  by  the  time 
they  reach  X. 

When  on  the  other  hand  the  vanes — ^instead  of  being 
straight  at  the  ends — are  curved  up  to  the  outer  circum- 
ference, as  in  Fig.  56a,  the  outflow  takes  place  probably 
somewhat  in  the  manner  illustrated,  and  it  is  necessary  to 
make  allowance  for  contraction. 

Fig.  67. 


The  dimensions  of  the  radii  of  a  turbine  are  purely 
arbitrary,  fixed  solely  with  reference  to  practical  conveni- 
ence, except,  of  course,  in  so  far  that  the  wheel  must  be 
snflSciently  large  to  contain  passages  of  the  area  necessary 
for  the  flow  of  the  water  at  the  required  velocity. 
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The  widths  of  the  buckets  (e^  and  e,)  have  no  fixed 
relation  to  one  another,  but  must  be  determined  with 
reference  to  the  areas  A,  A^  and  A^,  as  is  evident  from  {h), 
(c)  and  (d). 

The  depth  of  the  buckets  in  radial  turbines  is  obviously 
rg— ri  or  Vi'-r^f  according  to  whether  r,  is  greater  than  Vi, 
or  mce  versd;  it  must  be  sufficient  to  allow  of  a  gradual 
curvature  of  the  vanes,  but  is  in  itself  of  little  importance ; 
with  greater  length  there  must  be,  it  is  true,  increased 
friction  in  the  buckets,  but  under  all  ordinary  conditions 
this  is  so  trifling  that  it  may  be  left  out  of  account. 

The  numbers  of  buckets  and  vanes  z  and  z^,  and  their 
thickness,  are  empirical,  practical  experience  being  the 
sole  guide.  The  same  remark  applies  to  the  depth  of 
buckets  in  axial  turbines,  which  is  not  limited  by  the 
radii  as  in  radial  wheels. 

The  following  is  a  summary  of  the  formulas  applying 
to  reaction  turbines  as  used  in  determining  their  con- 
struction : — 


Assumed   Conditions. 

(1)  Inflow  without  shock  :  c^cos  a^^  =  c  cos  a  {A) 

iVi  =  c  sin  a  +  Ci  sin  a^  (B) 

c^  =  (?!*-  +  Wi^  —  2  6'i  Wi  sin  Oi  {G) 
u\  ^  dn  (g  +  gQ 

c             cos  gj  ^  ^^ 

(2)  Radial  or  axial  outflow :  u\  =  c^  sin  a^  (2>) 

n  =  Cg  cos  a^  (E) 

(3)  Continuity  of  flow  : 

(?  =  §  X  (X  =5  weight  of  cubic  foot  of  water). 
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Ftindamental  Relatimis  between  Dimensions. 

A^  =  2  rj  n  c  cos  a  —  z  t  e  =  e  z  s  cos  a  =^  z  x  e  (b) 
Ai  =  2  r|  n  (jj  cos  aj  —  2:1  ^1  Cj  =  e^  ^Jj  s^  cos  a^  =  z^  j\  c^  (c) 
A^  =  2  r,  n  c,  cos  C4  —  2^1  ^j,  62  =  ^2  5:1  Sjj  cos  a^  =  z^  x\  Cj  {d) 

A    ^C  (a'^z,  t,  '^^  c)  i^  p.  121.  (c) 

\  ^  ^  cos  a^   /  ^  ^ 

A^  =  C  A^  where  (7  =  1  for  axial  and  0  9  for  radial 

inward-flow  turbines  (/) 

£,  =  Gh^(^W,+  L,+  '£jG  (i) 

1  1  r  A 

W^  =   -  1^1  c  sf7t  a  =  -     ^    .    c*  si?i  a  s^iw  a.^  (ii) 

G  T  A 
Wi  =        -  -|   c2  stTi  o  sfTi  a^  (iiA) 

Pi  --  P2  =  o  ■  (^2^  ""  ^1"  +  ^  ^2^)  ■"  ^o  foi*  ftxial  turbines  (iii A) 


/  2^A 

V        ^  f)  Z'  *^^  "  *^^*  «2  +  Cl  4-  (  ^    )     (C2  +  ^S   ^«2) 

c  =  Ki  \/2gh  (ivA) 


/  «  2gh 


c  = 


w     2  -J —  siTi  a  siTi  a^ 


(ivB) 


^  /  €  COS  tti  i 

"^V     2  stn  (o  +  oj  siTi  a  /^  (ivc) 

where  c  may  be  taken  as  0*81   / 
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A   r^    . 


Wi  =  c  -J sin  a 


«..  =  ir,  V  2ffk  =  (^  ^  *t» «,)  JiT,  v/ 


2<^A 


(v) 


(VA) 


e  = 


2  7*1  ^      . 
—  -J-  stn  a  sin  a^ 


2^2"  ^^  "  ^*^  «2  +  C  +  ( ^  )  (C2  +  ^  ^^2) 


(vi) 


e  = 


2  — T-  ^71  a  S171-  a^ 
r.,  A^  ^ 


r^  A 


with  suction-tube 


W. 


7Vi  c  Sin  a 


h  (jh 

A        z  s  cos  a  .  .    cos  a 

r-  = =  approximately 

Ai       Zi  Si  cos  a^         ^^  ''cos  a^ 

A         c  z  s  cos  a  .      .  ,    ?*i  ^1  cos  a 

~  =  approximately 

^^  •^  r^  Ci  cos  a^ 


L2       Ci  Zi  S2  cos  a^ 

tanp  ^i  —    A 


A  r.  5m  Cg 

*  —  tang  a 
^r^cos  a  ^ 


(viA) 
(viB) 

(vii) 

(viii) 

(ix) 


Application  of  Formulas  to  Axial  Turhhies. 
To  apply  the  preceding  formulas  to  axial  turbines,  it 

T 

is  merely  necessary  to  make  t  =  1>  except  where  other- 

wise  stated.  Strictly  speaking,  the  formulas  under  these 
conditions  are  correct  only  for  a  very  narrow  turbine,  but 
they  are  usually  employed  with  reference  to  the  mean 
radius  for  wheels  of  the  proportions  actually  occurring 
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in  practice.  In  this  sense  w  (=  w^  =  w.^  is  the 
velocity  of  rotation  of  the  circumference  taken  at  the 
middle  of  the  width  of  the  buckets. 

It  is  evident  that  if  the  conditions  of  entrance  without 
impact  and  axial  exit,  for  given  angles,  are  fulfilled  for 
the  mean  radius,  this  cannot  be  the  case  for  any  other 
radius,  because  the  velocity  of  rotation  at  any  other 
distance  from  the  centre  must  be  diflferent  from  that 
calculated,  which  alone  complies  with  the  assumptions 
made.  At  the  outer  radius  the  velocity  will  be  greater, 
at  the  inner  less  than  the  calculated  value.  Referring 
to  the  diagram.  Fig.  58,  let  0  a  represent  the  value  and 
direction  of  the  absolute  velocity 
c,  which  is  assumed  to  be  the 
same  at  every  point  in  the  width 
of  the  buckets;  a  b  the  mean 
velocity  of  rotation  as  determined 
by  calculation ;  then  for  the  mean 
radius,  0  b  gives  the  proper  inclination  of  the  wheel-vanes 
at  the  inflow,  which  coincides  with  the  relative  direction 
there  taken  by  the  fluid. 

At  the  inner  radius  the  velocity  of  rotation  is  only 
a  c,  less  than  a  b;  the  relative  direction  of  the  water 
entering  the  wheel  is  therefore  0  c,  which  it  is  clear  is 
not  the  same  as  that  of  the  vane.  Similarly  if  a  ^  be  the 
velocity  at  the  outer  radius,  greater  than  a  b,  then  0  d 
represents  the  relative  direction  taken  by  the  entering 
fluid.  Hence,  for  every  other  than  the  mean  radius,  the 
water  must  enter  with  shoek  under  the  assumed  condi- 
tions. Ab  the  radius  is  either  less  or  greater  than  the 
mean,  so  the  impact  is  in  the  same  sense  as  or  opposed 
to  the  motion  of  the  wheel. 

What  happens  at  the  outflow  is  similar. 

Let  0  a,  Fig.  69,  be  the  relative  velocity  c^  and  ditecUow 

1^ 
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Fig.  59. 


with  which  the  wat^r  issues  from  the  buckets,  it  being 

assumed  that  this  is  the  same  for 
every  radius ;  a  h  the  mean  velo- 
city of  rotation,  for  which  the 
water  leaves  the  wheel  in  the 
absolute  direction  0  b  parallel 
with  the  axis.  The  velocities  of 
rotation  at  the  inner  and  outer 
circumferences  are  respectively  a  c  and  a  d,  and  the 
corresponding  absolute  velocities  of  outflow  0  c  and  0  d, 
both  of  which  it  is  evident  deviate  from  the  assumed 
condition  of  vertical  outflow. 

The  eflfect  of  these  deviations  from  theoretical  accuracy 
is  to  reduce  the  efficiency  by  causing  a  loss  in  the  first 
place  from  impact  or  shock,  and  secondly  by  increasing 
the  absolute  residual  velocity,  which  is  least  when  its 
direction  is  axial.  To  what  extent  this  evil  may  be  avoided 
by  a  suitable  construction  of  the  vanes  will  be  shown  in  a 
subsequent  chapter. 

In  ordinary  practice  the  angles  a  and  a^  are  not 
constant  for  the  whole  width  of  the  wheel,  as  the  vanes 
have  helical  surfaces  with  constant  pitch,  so  that  those 
angles  increase  with  the  distance  from  the  axis  (except  for 
vertical  surfaces).  It  is  easy  to  modify  the  construction 
shown  in  Fig.  59  to  suit  a  helical  vane  surface.  Instead 
of  the  constant  angle  a  0  b,  the  angles  at  the  outer,  mean, 
and  inner  circumferences  are  all  different ;  when  one  of 
these  (generally  that  for  the  mean  circumference)  is  given, 
the  others  are  easily  found  by  construction,  and  for  each 
the  corresponding  residual  velocity  can  be  ascertained  in 
the  usual  way. 
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Genef^cd  Data  and  Metliod  for  Design. 

In  a  large  proportion  of  the  cases  which  occur  in 
actual  practice,  the  head  and  the  quantity  of  water  avail- 
able under  average  conditions  are  given,  that  is,  h  and  Q. 

A  turbine  has  to  be  constructed  which  will  utilize  to 
the  best  advantage  the  power  available  E^^  =  {Weight  oj 
vjoier  per  second)  x  A,  in  foot-pounds  per  second,  or 

(Weight  of  ^imter)  x  h  x  60 

spoo 

expressed  in  horse-power,  and  if  A  be  the  weight  of  a 
cubic  foot  of  water,  then 

„         g  X  A  X  A  X  60  .,  . ,    „ 

-Ojip  =  QQQQQ =  available  Horse-power. 

Now  certain  dimensions  or  dimension-ratios  can,  within 
reasonable  limits,  be  arbitrarily  chosen,  being  independent 
of  each  other.  Diflferent  writers  have  followed  various 
methods  in  the  choice  of  these  quantities,  and  upon  this 
choice  depends  the  course  of  the  subsequent  calculations. 

The  author  has  for  various  reasons  taken  the  following 
independently  selected  quantities,  (1)  the  angle  a  at  which 
the  water  leaves  the  guide  passages,  (2)  the  angle  a^  at 
which  the  water  leaves  the  wheel-buckets,  and  (3)  tlie  ratio 

J-  of  the  outflow-area  of  the  guide  passages  to  the  out- 
flow-area of  the  wheel-buckets,  determined  as  previously 
explained. 

It  is  usual  to  fix  arbitrarily  the  ratio  between  the 
inner  and  outer  radius,  but  this  may  also  be  varied  to 
suit  convenience. 

When  a,  Og,  -r-  and  —  are  fixed,  it  is  clear  from  formula 
(viii)  that  the  ratio  -  of  the  width  of  the  buckets  at  the 

^2 


132  HYDRAULIC  MOTORS, 

entrance  to  that  at  the  outflow  is  also  determined.  The 
difference  between  the  number  and  thickness  of  the 
vanes  in  the  guide  apparatus  and  wheel  gives  a  slight 
margin  for  variation,  as  may  be  seen  from  formulas  (b) 
and  (d),  but  this  may  in  practice  be  neglected,  as  the 
numbers  of  vanes  and  their  thickness  are  determined 
purely  by  practical  considerations — the  thickness,  more 
especially,  should  be  as  small  as  possible. 

If,  as  is  generally  the   case   in   Jonval  turbines,  the 
width  of  the  buckets   is   the  same  throughout,  so  that 

e  .     A 

-   =   1,  then  the  ratio  -j-  can  no  longer   be  indepen- 

dently  fixed,  but  is  absolutely  determined  by  a  and  a^, 

since 

A        cos  a  .      .  , 

-T-  = approximately, 

but  there  is  no  reason  why  the  width  should  be  constant 
if  it  is  desirable  to  vary  it,  and  in  many  cases  this  has 
been  done. 

The  influence  of  the  various  dimensions  on  the  effi- 
ciency of  reaction  turbines  will  be  subsequently  studied, 
but  as  regards  the  choice  of  a^  it  is  easy  to  see  (from 
the  triangle  of  velocities.  Fig.  59,  for  instance)  that, 
from  a  theoretical  point  of  view,  the  larger  this  is  the 
better,  as  the  residual  velocity  of  the  water  decreases 
with  an  increase  of  a^.  The  extreme  value  for  Og  in  prac- 
tice is  about  80°,  a  ranges  from  50°  to  80°  for  different 
classes  of  turbines. 

J   ranges  from  1-8  to  0*5,  but  for  Jonval  turbines,  to 

which  class  belong  the  majority  of  European  reaction 
wheels,  it  is  near  1  as  a  rule.  For  an  inward-flow  tur- 
bj'ne  (to  which  it  may,  for  the  sake  of  greater  generality. 
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be  assumed   that   the    present    investigation   applies)   a 

A 
possible  value  for  -j-  would  be  1'3. 

^4  9* 

Having  chosen  a,  a^,  and  -r-,  and  taking  for    /  some 
value  between  f  to  f  (for  inward  flow),  the  ratio  of  the 

widths  —  caii  be  calculated  from  (viii)    -  =    j     -  ^• 

e,  ^      ^  e^       A^  Vi  cos  a 

Suppose    J    =  1'3,  a  =  75°,  o^  ^  75°,  and  -^  =  iJ, 

then  ^  =  1-3  X  I  X  1  =  0-866, 

that  is,  the  width  of  the  buckets  is  less  at  the  outer  than 
at  the  inner  circumference.  This  calculation  is  merely 
necessary  at  the  present  stage  in  order  to  be  satisfied  that 
ti  and  e^  do  not  assume  impracticable  proportions. 

After  these  preliminary  operations,  the   first  quantity 
to  be  ascertained  is  the  velocity  of  flow  c ;    it  has  been 

shown  that  c  =  K^  ^2gh\  referring  to  the  table  (I.)  it 

V 

will   be   found   that   for  a^  =  75^  a  =  75^,  7  =  #  and 

A 
J-    =    1*3,    the    corresponding    value    of   K^    is    about 

0*48,    hence    c  =   0*48    ^  2gh.       Had    the    dimensions 

been   differently   chosen,  K^   and    consequently   c   would 

have   had   a   different   value ;    by  making,  for   instance, 

A 

-J-  =  1  instead  of  1*3,  K^  would  be  0*566,  and  therefore 

^2 

c  proportionately  greater.  To  utilize  the  same  head  and 
quantity  of  water  per  second,  it  is  evident  that  turbines 
may  be  constructed  which  vary  very  considerably  in 
their  details.     It  has  already  been   demonstrated   that 
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Fig.  60. 


the  efficiency  is  not  directly  dependent  on  the  velocity 
of  flow  c,  but  as  the  various  losses  are  affected  by  the 
velocities  in  different  parts  of  the  apparatus,  and  these 
again  depend  on  the  proportions  of  the  latter,  it  is  clear 
that  to  some  extent  the  efficiency  must  be  influenced  by 
the  same  factors  which  determine  c. 

It  is  sufficient  for  the 
present  to  state  that  in 
fact  the  efficiency  is  only 
slightly  affected  by  very 
considerable  variations  in 
the  degre^i  of  rcnciion  or 
j^-  velocity  of  flow  from  the 
guide  passages,  and  con- 
sequently great  latitude  is 
admissible  in  the  choice  of 
dimensions  without  much 
practical  modification  of 
the  results. 

Having  calculated  c  the  velocity  of  flow,  the  next  step 
is  to  determine  Wi  the  best  speed  of  rotation  at  the  inflow. 


By(v) 


Wt   =  C 


-7  sin  a^  =  JSTg  V 


2g?t; 


^2   '2 


but  this  value  can  very  easily  be  found  graphically  in  the 
following  way :  Set  out  0  D,  Fig.  60,  perpendicular  to 
0  E,  and  draw  0  A  forming  with  0  D  the  angle  A  0  D 
equal  to  a^ ;  make  0  A  =  c  to  any  scale,  0  F  =  the  area 
A,  and  0  H  =  A^  (the  unit  in  the  latter  cases  being  the 
square  foot,  to  any  scale,  as  only  the  ratio  is  concerned)  ; 
join  A  and  £ — A  E  not  being  necessarily  perpendicular  to 
0  E  SiS  shown — and  draw  FB  parallel  to  E  A  intersect- 
ing 0  A  in  B ;  then  0  B  =  c^  the  relative  velocity  of 
outflow.     From  B  draw  B  D  parallel  with   0  E\   then 
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B  D  =i  w^  the  velocity  of  rotation  at  the  outHow ; 
Wi :  w^  =  Ti :  r^,  from  which  Wi  ia  easily  determined  by 
constructioiL 


Fig.  61 


a,  can  now  be  graphic- 
ally ascertained  as  shown  in 
Fig.  61.  Draw  0^  A  per- 
pendicular to  Oi  2C  'y  make 
angle  A^  0^  D^  =  a,  A^  0^ 
=  c,  Ai  Ci  parallel  with 
Oi  JC  =  Wi'y  join  Oi  and  Cj, 
then  angle  6\  Oi  B^  =  a, 
and  Oi  Ci  (or  A^  B^  parallel 
to  Oi  C^  =  Cj. 

Oi  may  also  be  calculated 
by  formula  (ix) 


'/',  A   sin  a« 
tann  a.  —        ~r —  tmui  a ; 

The  two  diagrams,  Figs.  60  and  61.  are  shown  com- 
bined in  Fig.  62,  which  re([uires  no  further  explanation 
except  that  C  0^  =  r^  and  C  0  =^  r.^. 
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By   (F)   the   quantity   of  water  flowing  through   the 

Q 
turbine  per  second   Q  ==  A  c,  whence  A  =  ~  ,   and   from 

c 

this  the  effective  area  A  can  be  calculated. 
From  (e)  and  (b) 


A  =  C  (2  i\  U  cos  a  —  z  t  —  Zi  t^ 


cos  a 
cos  a^^ 


e: 


of  the  quantities  in  this  expression  7'i,  z,  t,  z^  and  t^  may 
be  empirically  determined,  while  cos  a  and  cos  ai  and  the 
rest  are  known. 

For  the  former  the  following  rules  can  be  used  : 

Vi  =  1-25  to  1-5  ^A] 
Circumference  corresponding  to  Vi 


z  = 


pitch  of  guide-vanes 
Diameter  of  wheel 


f^y^  9 (p^  Table  of 


Pitch  of  guide-vanes  = 

rules  and  formulas) ; 

t   ■=  .V  to  f  inch  for  cast-iron;   |^  to  f  for  wrought-iron ; 

^1  ^^      i>  »>  >»  »  >i  » 

2^1  =  2:  to  1*2  z; 

c  the  width  of  the  guide  passages  can  now  be  calculated 

by  (e) 

A 


e  = 


ri    c^       ^  COS  a\ 

U  [2  Vi  U  cos  a  —  z  t  —  z.  L 

\       *  ^^cosaj 


where  C  =  09, 


.        U  {z  X  —  Zi  y) ' 

cos  a  1  1  / 

/,   =  y  and      (2  r.  U  cos  a  —  c  /)  =  x\ 

vide  Fig.  54.     ./;  and  y  can  be  measured  from  a  dra>ving. 

In  practice  the  latter  method  must  always  be  adopted 
when  the  outflow  areas  are  computed  as  described  at  p.  122, 
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vide  Fig.  63.  By  rounding  oflf  the  corners  of  the  vanes  at 
the  concave  side>  it  is  certain  the  contraction  of  the  stream 
might  be  much  reduced,  if  not  altogether  avoided.  Tlio 
author  is,  however,  not  aware  that  this  is  ever  done. 

Fig.  63. 


( 


A    being   known,  A^  follows   from  the  assumed   ratio 

-r  \  (which  was  taken  at  1  3  for  example :) 

A 


A    — 
^2  -   l.;3 


and  by  (/)  and  id) 


<•*,  = 


'2 


(2  7'2  n  COS  ttg  —  Z^  t^  G 

-      ,;  (where  0  =  01);. 


^1  *^*2 


To  the  calculation  of  e^  exactly  the  same  remarks  apply 
as  to  the  calculation  of  e. 
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Wlien  X  or  x.^  and  y  are  measured  as  shown  in  Fig.  63 
the  formulas  to  be  used  are  obviously 

A 

^  "  C(zx  -  z^  y 

and  Cn  =  ri — ~~ 

As  a  matter  of  fact  the  co-efficient  of  contraction  C  must 
vary  according  to  the  convergence  of  the  vanes,  but  no  data 
applicable  to  orifices  of  the  form  occurring  in  turbines  are 
available. 

r^  follows  from  r^,  the  ratio  —  having  been  assumed  at 

the  commencement. 

^2  as  a  rule  equals  t^,  z^  is  known. 

The  correct  value  of —can  now  be  calculated  and  com- 

pared  with  the  approximate  value  first  determined. 

As  a  check  on  tbe  accuracy  of  the  calculation,  c^  th6 
relative  velocity  of  flow  from  the  buckets  may  be  ascer- 
tained from  the  formula 

c,  =  --^-i  and  it  c^  =  %v^ 


A^  *         *  7*2  stn  Oj 

the  construction  is  correct  This  can  also  be  done 
graphically ;  it  simply  amounts  to  ascertaining  whether 
the  absolute  outflow  from  the  wheel  is  radial  or  not. 

All  the  elements  necessary  for  the  construction  of  the 
turbine  itself  have  now  been  calculated.  The  next  step  is 
to  determine  the  form  of  the  vanes ;  how  this  is  done  will 
be  subsequently  described. 

Where  a  suction-tube  is  employed,  it  is  usually  made  of 
about  the  same  diameter  as  the  wheel  where  the  water 
leaves  the  latter,  and  the  residual  velocity  of  outflow  u  is 
suddenly  changed  to  that  corresponding  to  the  area  of 
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the  suction-tube;  the  latter  is  greater,  as  generally  con- 
structed, than  that  of  the  wheel,  and  consequently  there 
is  an  abrupt  retardation  of  flow  and  corresponding  loss  of 
energy  which  might  be  utilized  if  the  transition  were 
gradual,  as  then  the  loss  from  unutilized  energy  is  only 
that  due  to  the  velocity  with  which  the  fluid  leaves  the 
tube.  There  is  no  reason  why  there  should  be  a  sudden 
enlargement  of  sectional  area  when  the  water  leaves  the 
wheel;  by  making  the  suction-tube  annular  at  the  top, 
and  of  a  section  exactly  corresponding  to  that  of  the 
wheel,  and  gradually  enlarging  this  section  towai-ds  the 
lower  end,  this  evil  might  be  avoided.  The  orifice  through 
which  the  water  leaves  the  suction-tube  should  be  as  large 
as  practicable,  but  not  sufficiently  so  to  reduce  the  velocity 
of  the  water  below  3  feet  per  second,  as  this  is  necessary 
to  carry  it  off.  There  is,  of  course,  no  absolute  rule  on  this 
point,  and  what  the  lowest  admissible  velocity  may  be 
must  depend  on  circumstances,  among  others  the  sectional 
area  and  fall  of  the  tail-race,  for  instance. 

Instead  of  the  available  quantity  of  water  being  fixed, 
it  may  occur  that  the  supply  of  water  for  a  certain  fall  is 
practically  unlimited,  and  that  a  turbine  has  to  be  con- 
structed which  with  that  fall  will  develop  a  certain  effec- 
tive power.  The  data  are  then  Effective  Horse-power  and 
Head  A.  If — as  is  generally  the  case — the  effective  power 
is  measured  at  the  point  where  it  is  given  off  direct  from 
the  wheel-shaft  without  intermediate  gearing,  then  to  the 
effective  power  need  only  be  added  an  allowance  for  shaft 
friction  to  arrive  at  the  work  to  be  done  by  the  turbine. 
From  the  work  expressed  in  horse-power  per  minute,  Wi^ 
tliat  to  be  done  per  second  is  easily  determined.  The 
simplest  and  safest  plan  is  then  to  assume  a  certain  effi- 
ciency well  within  the  limits  of  probability,  say  70  to  75 
per  cent.,  and  substitute  this  value  for  €  in  formula  (viii) 
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Gh 


from   this   the  weight  of  water  required   per 

W  G 

second  can  be  determined,  G  =  — r,  and  then  Q  ^  —  the 

quantity  in  cubic  feet  per  second.  After  this  the  method 
of  calculation  is  the  same  as  before,  both  Q  and  h  being 
now  given. 


CONSTRUCTION  OF  THE  VANES  OF  TURBINES. 

With  given  angles  of  entrance  and  exit  at  the  ends 
of  the  vane,  it  has  been  shown  that  the  intermediate  form 
of  the  vane-curve  is  a  matter  of  indiflference,  provided 
the  curvature  is  not  too  abrupt,  and  that  there  are  no 
sudden  changes  of  sectional  area  in  the  passages  and 
buckets. 

Guide- Vanes.  In  an  axial  or  parallel-flow  turbine  the 
water  generally  speaking  enters  the  guide  apparatus  in 
a  direction  parallel  with  the  axis  of  the  wheel,  and  the 
tangent  to  the  vane-curve  at  the  point  of  entry  should  be 
parallel  with  this  direction.  In  Fig.  64,  A  B  and  C  D 
represent  the  curves  of  the  vanes  at  their  intersection  with 
a  cylindrical  surface  of  the  mean  diameter  in  the  middle 
of  the  width.  Assuming  the  axis  of  the  turbine  to  be 
vertical,  then  the  first  portions  at  A  and  C  of  the  vane- 
curves  should  also  be  vertical.  At  the  lower  end,  where 
the  water  leaves  the  guide  passages,  the  vanes  should 
form  the  angle  a  with  a  vertical  line,  or  strictly  speaking 
with  a  direction  parallel  to  the  axis,  and  the  lower  end  of 
the  curve  should  be  continued  as  a  straight  line   for  a 
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certain  length  B  5  and  D  4,  so  that  the  surfaces  of  the 
vanes  run  parallel  with  each  other  for  some  distance  in 
order  to  guard  against  contraction  of  the  stream. 

In  an  inward-flow  radial  turbine  this  is  not  possible,  as 
the  vane-curves  terminate  at  the  points  B  and  I),  &c.,  on 
a  circle,  and  if  they  form  equal  angles  with  the  radii  at 
those  points  must  of  course  converge  ;  in  an  outward-flow 
turbine  they  will  diverge. 

Supposing,  as  is  often  the  case,  that  the  width  of  the 
passages  is  uniform,  and  that  M  N  represents  the  mean 
course  of  the  stream,  then  the  depth  of  the  latter,  measured 

Fig.  64. 


normally  to  the  direction  of  flow  at  all  points  as  shown  by 
1  1,  2  2,  3  3,  &c.,  at  any  point  is  proportional  to  the 
sectional  area.  The  curves  AB  and  (7  i>  should  be  so 
chosen  that  the  lengths  11,  2  2,  3  3,  &c.,  gi^adually  and 
uniformly  diminish  down  to  the  shallowest  part. 

A  simple  method  of  construction.  Fig.  65,  is  to  describe 
a  portion  of  a  circle  with  some  radius  0  A  from  the  centre 
0  on  the  continuation  of  the  line  A  G,  and  draw  a  tangent 
to  this  circle  at  E,  forming  the  angle  a  with  a  direction 
at  right  angles  to  A  C,  parallel  with  the  axis.  It  is  usual 
to  m^e  the  construction  such  that  E  is  the  point  of  inter- 
section of  a  line  joining  0  and  -D,  and  the  method  of  ^to- 
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ceediDg  is  as  follows: — Draw  BE  dX  the  proper  inclination 
a ;  set  out  B  I)  the  pitch  of  the  vanes  on  the  mean  cir- 
cumference; from  D  draw  DO  B,t  right  angles  to  B E, 
intersecting  the  latter  in  E,  and  the  continuation  of  A  C — 
the  level  of  the  top  of  the  guide-vanes — in  0  ;  from  0  as 
centre  with  the  radius  0  E  describe  the  arc  of  the  circle 
A  E.  Of  course  each  vane-curve  is  exactly  similar.  It  is 
often  preferable,  although  involving  a  little  more  trouble, 
to  draw  the  curves  by  hand,  trying  various  forms  until 
that  which  gives  the  most  gradual  change  in  the  area  of 
the  stream  is  found. 

Fig.  65. 


The  usual  construction  of  the  surface  of  the  vanes  is 
such  that  a  series  of  radial  lines  drawn  from  any  points  of 
the  curve  at  the  mean  circumference — in  the  middle  of 
the  passage — to  the  axis,  touch  the  surface  for  its  whole 
width;  in  other  words,  the  surfaces  are  helical.  In  this 
case  it  is  clear  that  the  angles  at  the  inner  and  outer  cir- 
cumferences are  not  the  same  as  those  at  the  mean  cir- 
cumference, and  the  greater  the  width  of  the  passages  the 
greater  will  be  the  diflFerence  between  the  angles.  There 
is,  however,  no  reason  whatever  why  the  angle  should  not 
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be  the  same  throughout  the  whole  width  of  e^h  vane,  the 
lower  portion  of  the  surface  of  the  latter,  instead  of  being 
helical,  is  then  simply  a  plane  surface,  that  is,  the  part  of 
it  which  is  parallel  with  the  adjacent  vane,  of  the  length 
represented  by  i?j9  in  Fig.  66. 

Whed'Vanes,  Similar  remarks  to  those  respecting  the 
guide-vanes  apply  to  the  wheel-vanes.  The  angles  a^  and 
Oj  being  determined,  the  lower  end  of  the  curve  Bb, 
Fig.  66  (for  the  mean  circumference),  is  set  out  at  the 
proper  angle  C4 ;  I)  being  the  end  of  the  next  vane-curve, 
DE\s  drawn  at  right  angles  to  Bb,  and  from  some  centre 

Fig.  66. 


on  the  prolongation  of  B  E  an  arc  of  a  circle  touching  B  b 
in  E  may  be  drawn ;  the  line  Aatki  the  upper  end  of  the 
curve  should  be  inclined  at  the  angle  a^  and  form  a  tangent 
to  the  circle  previously  referred  to.  As  in  the  case  of  the 
gaide-vanes,  the  curvature  is  best  found  by  trial.  Many 
designers  use  a  parabolic  curve,  but  there  is  no  special 
merit  in  this,  and  in  some  cases  it  is  unsuitable. 

In  arranging  the  curves  so  as  to  insure  a  gradual  change 
in  the  sectional  area  of  the  passages,  any  increase  or  dimi- 
notion  in  the  width  of  the  buckets  must  be  taken  into 
aeoQunt;   as  a  rule  axial   turbines  are  of  equal   width 
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throughout,  .but  in  the  variety  known  by   the   name  of 
Henschel,  the  width  is  increased  towards  the  outlet. 

As  was  before  pointed  out,  with  given  values  of  a  and 
tti,  if  the  vanes  are  designed  for  entry  of  the  water  without 
impact  at  the  mean  circumference,  this  condition  will  not 
be  fulfilled  for  the  inner  and  outer  circumferences ;  it  is, 
however,  possible  to  overcome  this  difficulty  by  giving  the 
vanes  varying  angles  at  the  points  of  entry.  The  mean 
velocity  being  fixed,  the  velocities  at  the  inner  and  outer 
diameters  are  thereby  determined,  and  must  be  in  the 
same  ratio  as  the  latter. 

Fifr  67 


Let  OA,  Fig.  67,  represent  the  value  and  direction  of 
the  velocity  c  with  which  the  water  leaves  the  guide  pas- 
sages, A  B  the  velocity  w  of  the  wheel  at  the  mean  circum- 
ference ;  then  OB  is  the  relative  velocity  Ci  with  which 
the  water  enters  the  wheel-buckets  at  that  circumference, 
and  BOY  the  suitable  angle  for  a^.  At  the  inner  cir- 
cumference, instead  of  A  B,  the  velocity  of  rotation  is 
A  0,  and  if  the  water  is  to  enter  without  impact  there 
also,  0  C  must  be  the  direction  of  inflow,  and  the  angle 
a^  =  CO  Y;  similarly  A  I)  is  the  velocity  at  the  outer 
circumference,  and  DO  Y  the  proper  angle  a^"  for  the 
vane.     By  varying  the  angles  Cj  according  to  the  diameter 
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in  the  manner  explained,  it  would  be  possible  to  insure  the 
entry  of  the  water  without  impact  at  all  points  of  the  width. 

The  dififerences  in  the  speed  at  different  diameters  also 
affects,  as  previously  explained,  the  absolute  velocity  of 
outflow  u,  so  that  with  a  constant  angle  a,  for  the  whole 
width  of  the  buckets,  the  direction  of  outflow  is  vertical 
only  at  the  middle,  for  which  the  calculations  were  made, 
and  the  velocity  of  outflow  is  consequently  greater  at  the 
inner  and  outer  circumference  than  at  the  middle,  thus 
causing  a  loss  of  energy  in  excess  of  that  assumed. 

With  a  helical  vane  surface  the  angle  o^  will  be  less  at 
the  inner  and  greater  at  the  outer  circumference  than  at 
the  middle. 

The  losses  arising  out  of  the  deviations  from  the 
assumed  conditions,  both  as  regards  the  entry  and  exit 
of  the  water,  are  inconsiderable  when  the  width  of  the 
buckets  is  moderate  in  proportion  to  the  diameter  of  the 
wheel,  but  for  wide  buckets  may  have  a  very  appreciable 
influence  on  the  efficiency. 

The  problem  then  is,  how  to  construct  the  turbine  vanes 
so  that  both  these  sources  of  loss  may  be  partially  or 
wholly  avoided. 

It  is  evident  that  the  pressure  Pi  at  which  the  water 
leaves  the  guide  passages  does  not  vary  at  various 
diameters,  as  otherwise  there  would  be  a  motion  of  the 
water  across  the  buckets,  a  state  of  things  which  could  not 
continue,  and  must  almost  instantly  correct  itself.  The 
sum  of  the  energy  due  to  the  pressure  pi  plus  that  repre- 
sented by  the  velocity  of  flow  c,  is  under  any  given  cir- 
cumstauces  a  fixed  quantity  depending  on  the  head  of 
water  and  the  proportions  of  the  wheel ;  hence  if  x^i  is 
constant,  so  must  also  be  c}    The  velocity  of  flow  has 

*  The  ratio  —  is  not  modified  by  the  fact  that  the  relative  velocity 
c 
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therefore  to  be  taken  as  invariable  for  all  parts  of  the 
width  of  a  guide  passage,  and  may  be  calculated  in  the  way 
shown  with  the  angles  chosen  for  the  mean  circumference. 

Fig.  68. 


Cj  of  inflow  varies  at  different  points,  jn-omiled  tlie  inflow  takes  place 
at  all  of  thcni  without  shock,  since  the  area  of  any  narrow  segmental 
strip  of  the  orifice  varies  inversely  as  the  relative  velocity  of  flow. 

If,  for  instance,  d  Ai  be  the  area  of  any  segmental  strip  of  the 
inflow  orifices  Ai,  and  d  A2  that  of  the  corresponding  strip  of  the 
outflow  orifice  Aty  the  relative  velocity  of  inflow  at  any  diameter 

Constant 

Hince  d  AiCi  =  Ck)nstant ;  further, 

d  At  Ct  =  d  Ai  Ci  =  Constant, 

and  therefore 

d  A^Ci  —  Constant. 

The  only  \oorkahlc  assumption  is  that  the  relation  Injtween  c  and  c.  is 

governed  by  the  toUd  arciis  A  and  ^„  so  that  in  effect 

dA^^A 

d  Ai      Ai 

dA  A 

and  ct  =  -i—i    c  =  -vc. 


dA-. 


a: 


dA 


In  practice  the  raiio    .— r-  at  different  diameters  varies  only  slightly 

from  -|->  and  when,  as  is  frequently  the  case,  a  and  at  have  the  same 
Jit 


dA 


value,  -f-j    is  absolutely  constant.     It  is  assumed  throughout  the 

preceding  investigation  that  all  particles  of  water  entering  at  a  certain 
diameter  leave  at  the  same  diameter  in  a  Jonval  wheel  of  constant 
width 
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The  relative  angles  of  exit  at  ibhc  inner  and  outer  cir- 
cumferences have  now  to  be  so  determined  that  the  water 
there  shall  leave  the  wheel  parallel  with  its  axis,  as  is  the 
case  at  the  mean  diameter,  if  possible. 

Let  0  A,  Fig.  68,  represent  the  value  and  direction  of  the 
relative  velocity  of  outflow,  and  0  B  the  absolute  velocity  of 
the  water  leaving  the  wheel — at  the  mean  circumference, 
parallel  with  the  axis,  li  AC  and  AD\yQ  respectively  the 
speeds  at  the  inner  and  outer  circumferences,  then  0  C  and 
0  D  are  the  corresponding  absolute  velocities  of  outflow. 
It  will  be  seen  that  these  are  divergent  and  both  greater 
than  OB,  in  other  words, 

,        .    .;  .  Fig.  69. 

only  at  the  mean  circum-  ^                     ^ 

ference   is   the   speed    of  ^^ 

rotation  the  best.  ^^^^'^'^y^ 

With   a    helical    vane  ^^^^^y^/    ^ 

surface     for     which     the  \  /  ^^^^  y^  / 

angles    at    the    different     r^ --^..-^  — 

diameters  vary,  the  diver-     \\y^     / 
gences  in  the  directions  of  ^  ^\  j  ^/ 

outflow  are  not  so  great  as  ^ 

when  C4  is  constant. 

The  corrections  required  to  insure  a  parallel  outflow  at 
all  diameters  are  effected  as  follows :  Let  0  A,  Fig.  69,  as 
before  denote  the  value  and  direction  of  the  relative  velo- 
city of  outflow  Cj,  and  A  B  the  velocity  of  rotation  %o  at  the 
mean  circumference.  (Since  c  is  constant,  c^  must  be  so  as 
well,  as  the  two  velocities  have  a  fixed  ratio  to  each  other.) 
The  absolute  velocity  of  outflow  for  the  meau  circum- 
ference is  0 B^u. 

Make  B  G  and  B  D  respectively  equal  to  the  speed  of 
the  inner  and  outer  circumference;  draw  Cc  and  Dd 
parallel  with  OB  until  they  intersect  a  circle  described 
from  the  centre  0  with  the  radius  OA  inc  and  d  respec- 
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Fig.  70. 


tively  ;  join  0 c  and  0 d ;  then  £  Oc  and  B  Od  are  the 
appropriate  angles  for  the  end  of  the  vane  at  the  inner 
and  outer  circumferences,  and  the  corresponding  absolute 
residual    velocities    are   0  B^  and   0  -Bj,   both   vertically 

directed.  When  the  correc- 
tions just  described  are 
applied  to  the  angles  of  inflow 
and  outflow,  a^  and  04,  the 
vane-curves  at  the  inner, 
mean,  and  outer  circumference 
will  have  the  form  shown  in 
Fig.  70. 

The  whole  of  the  formulas 
as  applied  to  the  design  of  turbines  are  based  upon  the 
assumption  that  the  water  leaves  the  wheel  at  right  angles 
to  the  direction  of  rotation  and  enters  without  impact,  and 
if  these  conditions  are  not  fulfilled  the  results  obtained 
from  them  are  more  or  less  vitiated ;  on  the  other  hand, 
varying  the  angles  in  the  manner  indicated  also  causes  a 
deviation  from  the  assumed  conditions,  as  may  be  seen  by 
reference  to  the  Table  I.  for  jST^,  which  varies  for  different 
angles  o^,  but  not  to  a  very  great  extent.  This  would  affect 
the  value  of  the  velocity  of  flow  c,  but  in  using  the  angle  at 
the  mean  diameter  for  determining  the  latter  no  error  of 
practical  importance  is  incurred.    Similar  remarks  apply  to 

,    A        , 
the  ratio  — ,  which  is  also  influenced  from  the  same  cause. 

Note, — Meissner  in  his  work  on  turbines,  in  dealing 
with  the  correction  of  the  vane  angles,  treats  the  velocity 
of  flow  at  different  diameters,  as  though  the  wheel  were 
actually  divided  by  concentric  divisions  into  separate 
parts,  and  calculates  the  velocity  of  flow  independently 
for  each,  so  that  it  varies  with  the  diameter  according 
to  the  angles  of   the   vane.    This  method  the  author 
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considers  incorrect,  as,  for  the  reasons  given,  c  must  be 
at  any  rate  approximately  constant  for  the  whole  width  of 
the  guide-passage  orifices. 


7ane  Curves  and  Angles. 

The  effect  of  the  angles  a  and  a^  on  the  efficiency  of 
a  turbine  has  been  already  considered,  and  the  angle 
Oj  is  fixed  when  the  former  have  been  determined  on. 

It  was  shown  that  for  a  given  ratio  A  :  A^  efficiency 
is  promoted  by  making  a  and  a^  as  great  as  possible, 
but  that  they  may  vary  through  a  very  considerable 
range  without  material  detriment  to  the  performance  of 
the  motor. 

Axial  Turbirus.  For  Jonval  turbines  with  constant 
width  of  bucket,  when  a  and  Og  are  equal,  the  relative 
direction  of  entrance  of  the  water  is  vertical  or  parallel  to 
the  axis,  and  the  vane  angle  a^  =  O",  For  purposes  of 
manufacture  it  is  very  convenient  to  adopt  this  arrangement, 
and  from  a  theoretical  point  of  view  there  is  little  to  be  said 
against  it.  When  the  angles  at  which  the  water  leaves 
the  guide-vanes  and  wheel-vanes  respectively  are  equal, 

the  ratio  —  is  approximately  1.     The  best  value  for  that 

ratio,  as  apparent  from  the  Table  No.  II.  of  efficiencies, 

is  about  075,  but  the  difference  is  so  small  between  the 

A 
efficiency  for  the  latter  value  and  that  for  —  =  1,  as 

A% 

not  to  be  worth  practical  consideration,  so  that  the  pro- 
portions in  question  may  be  adopted  without  hesitation. 

The  usual  limits  to  the  values  of  a  and  o^  are  stated 
in  the  summary  of  rules  and  formulas  for  the  design  of 
Jonval  turbines ;   but   it   is   worthy   of  notice  that   the 


IZ 
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greater  the  angles  the  larger  must  be  the  turbine  for  a 

given  quantity  of  water. 

In  parallel-flow  wheels  with  buckets  of  constant  width 

A 
the  ratio  —  may  be  varied  by  making  a^  greater  or  less 

than  a ;  in  the  former  case  a^  is  positive,  in  the  latter 
negative.  In  turbines  of  the  Henschel  type,  in  which  the 
buckets  are  wider  at  the  outflow  than  at  the  inlet,  a^ 
may  be  negative  even  when  a,  is  greater  than  a ;  this  is 
evident  from  the  formula 

tang  aj  =  —  tang  aj  —  tang  a, 

c 
where,  provided  —  is  a  sufficiently  small  fraction,  tang  a^ 

may  always  become  negative. 

For  radial  inward-flow  wheels  a^  is  greater  than  for 
parallel-flow  wheels  with  the  same  angles  a^  and  a  ;  the 
formula  in  this  case  is 

tang  a^=  —  I  —  /  tang  a^  —  tang  a, 
whore  —  ^>  1. 

^2 

Under  ordinary  circumstances  with  Jonval  turbines 
the  simplest  plan  is  to  make  a  and  02  equal,  but  there 
are  cases  in  which  for  some  reason  it  may  be  desirable 
to  have  as  high  a  speed  of  wheel  as  possible,  and  to 
effect  this  a  high  ratio  of  A  to  A^  is  required,  which 
renders  it  necessary  to  make  o^  greater  than  a.  Where 
the  buckets  are  not  restricted  to  a  constant  width,  the 
same  end  may  be  attained  without  this  expedient  by  a 

suitable  ratio  -  between  the  widths  at  the  inflow  and 
outflow. 
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For  axial  turbines  the  vane-curves  are  frequently  con- 
structed in  the  manner  shown  in  Fig.  71. 

Let  AD  he  the  depth  of  the  wheel — or  guide  passages — 
parallel  with  the  axis ;  C  D  the  circumferential  length  of 
a  vane. 

The  outflow  end  of  the  vane  is  made  straight  for  a 
certain  length  B  C,  and  set  out  at  the  proper  angle  a^^ 
(or  o).  0  £  is  continued  to  Ci,  its  point  of  intersection 
with  the  line  A  Ci;  A  C^  being  the  direction  of  inflow, 
B  Ci  and  A  Ci  are  then  each  equally  divided  into  an 
equal  number  of  parts  by  the  points  a,  h,  o,  d,  e,  f  and 

Fig.  71. 


1,  2,  3,  4,  5,  6  respectively,  and  the  lines  la,  2b,  3c,  i^d, 
5e,  and  6/  are  drawn.  These  lines  form  tangents  of  the 
desired  vane-curve,  which  can  then  be  filled  in. 

In  the  illustration  the  angle  a^  is  taken  as  0°,  but  the 
construction  remains  the  same  with  any  other  value,  only 
then  A  G^  is  not  perpendicular  to  C  D. 

The  ratio  of  the  horizontal  length  C  D  to  the  depth 
A  D  may  be  from  li  to  2.  As  elsewhere  explained,  the 
vane-curves  must  always  be  drawn  with  due  regard  to  as 
gradual  a  change  as  possible  in  the  sectional  area  of  the 
streams  passing  between  them ;  and,  apart  from  this,  thero 
is  little  merit  in  any  particular  form  of  curve. 
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Back  Vanes.  In  cases  where  the  relative  angle  of 
entrance  is  negative,  the  form  of  the  pass^e  between  the 
vanes  of  a  turbine  may  be  auch  as  to  cause  great  and 
sudden  changes  in  the  section  of  the  stream.  This  will 
be  clear  on  reference  to  Fig.  72.  Assuming  the  width 
p.    .„  of  the  turbine  to  be  uniform,  the 

area  of  the  passages  is  proportional 

^^ 7"^ —     at   various  points   to   the   normal 

\\  ,''     \y     depth,  and  the  latter  increases  from 

*^r" \v    A  Ai  at  the  entrance  to  CC,  in  the 

2^' .        L^    middle,  and  decreases  again  at  the 

■^        \j'^         outflow  to  B  By     To  avoid  these 

■  ^  extreme    variations,    the    buckets 

have,  under  such  circumstances,  been  made  with  so-called 

fcflct  vaiKi,  as  illustrated  in   Fig.  73.     This  construction 

_  amounts  simply  to  giving  the  vanes 

'_    '  a   variable   thickness   to   suit   the 

^^^ ^^^         desired  depth  of  the  passages ;  but 
fi       la  ^    avoid    excessive    weight    and 

II        II  thickness  of  metal,  the  vanes  are 

^^^   ^^^  cored   out,  and   are,  so   to   speak, 

double. 
This  construction  is  now  very  unusual,  as  the  relative 
angle   of  ontrance  a,  is   generally   positive   for  reaction 
turbines,  and    in   impidse    wheels  back  vanes  have   no 
object. 

Where  back  vanes  are  used  the  two  surfaces  forming 
the  sides  of  a  passage  arc  of  different  shape,  and  the 
courses  taken  by  the  particles  of  fluid  at  various  points  of 
the  stream  are  not  parallel  with  each  other  nor  similar  in 
form.  This  leads  to  varying  velocities  and  disturbances 
within  the  buckets  resulting  in  internal  friction,  whirling 
motion,  and  consequent  loss ;  back  vanes  should  therefore 
be  avoided. 
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In  turbiaea  iatended  to  work  sometimes  with  free 
deviation  and  sometimes  drowned,  according  to  the  tail- 
water  level,  back  ranes  are  necessary. 

Radial  Turbines.  With  radial  turbines  the  difficulties 
occurring  in  axial  turbines  owing  to  the  varying  speeds  at 
different  points  of  the  vanes  are  absent;   all  points  at 

Fig.  It. 


which  the  water  enters  move  with  tlie  same  speed,  and  nil 
poiota  at  which  the  water  leaves  have  an  equal  velocity. 

A  different  drawback,  already  referred  to,  is  incidental 
to  the  use  of  inward-flow  wheels,  and  that  is  the  con- 
traction of  the  streams  issuing  from  tlie  buckets;  to 
obviate  this  to  some  extent  the  form  of  wheel-vane  shown 
in  Fig.  74  has  been  devised  with  double  curvature.  The 
result  of  this  is  that  the  passage  between  the  vsnes  remains 
Gonstant  in  depth  for  some  time  before  the  inner  circiim- 
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ference  is  reached ;  this  of  course  does  not  prevent  the 
convergence  of  the  streams  after  leaving  the  various 
buckets  and  the  resulting  loss  of  energy  due  to  the 
increased  pressure  at  the  orifices.  The  form  of  vane  in 
question  is  used  in  the  well-known  "  Vortex  "  turbine,  and 
was  originally  suggested  by  Professor  James  Thomson. 

The  construction  of  the  vane-curves  in  question  is 
shown  in  Fig.  74.  A  B  represents  the  vane-curve,  the 
tangent  B  X  io  which  at  B  forms  the  angle  a^  with  the 
radius  OB;  the  portion  B  C  o{  this  curve  is  a  volute, 
described  by  development  from  a  circle  of  the  radius 
0  D;  to  find  0  B,  from  B  draw  B  E  dX  right  angles  to 
the  tangent  B  X  oi  the  vane-curve,  and  from  the  centre 
0  of  the  wheel  draw  0  D  at  right  angles  to  B  E,  which 
will  be  the  desired  radius  of  a  circle  touching  B  E  m  D, 

The  true  curve  would  be  described  by  the  end  of  a  very 
fine  thread  as  iris^irawoiind  from  the  circumference  of 
the  circle  0  D  and  kept  in  te^skm^^ring  the  process, 
so  that  in  all  positions  it  forms  a  tang&St^  ^^®  circle. 
It  is  easy  to  determine  any  number  of  points^SQJ^®  curve 
on  paper  by  imitating  this  construction.  The  poilSL?!  ^^ 
the  volute-curve  is  such  that  a  tangent  drawn  fronillL*^ 
the  circle  0  D  passes  through  the  end  B^  of  the  next  va5 
curve  A^  B^]  the  normal  depth  of  the  stream  here  is^ 
i?,  (7^,  and  it  is  evident  that  as  far  as  both  volute-curves 
of  the  adjacent  vanes  are  intersected  by  the  same  tangent 
to  the  circle  0  B,  the  normal  depth  of  the  passage  between 
them  remains  constant,  and  there  is  no  contraction. 

The  two  points  B^  and  G^  of  the  same  imaginary  thread 
both  describe  similar  volutes  parallel  with  each  other  and 
separated  by  the  distance  B^  C^.  The  volute  B  G  should 
be  carried  to  C  a  short  way  beyond  G^  to  insure  the 
parallel  motion  of  all  parts  of  the  stream,  and  the  vane 
then  continued  by  a  curve  of  another  form  terminatin 
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A  with  the  inclination  a,.     Care  miiRt  be  tnkcn  that  the 
traositioD  is  gradual. 

The  guide-vanes  of  the  "Vortex"  turhine  are  con- 
structed in  such  a  manner  that  the  passnges  between  them 
are  long,  and  of  a  gradually  convergent  form.  Thus  the 
velocity  of  flow  gradually  increases  from  the  outer  towards 

Fig.  7*A. 


the  inner  circumference,  causing  the  water  to  take  the  Form 

of  a  vortex. 
The  constructioQ  is  illustrated  in  Fig.  74a — in  w)iich 

tte  turbine  is  shown  with  the  cover  of  it^  outer  casing 

iWnoved — and  in  74b,  showing  the  exterior  of  the  casing 

iBlffiiplete. 
f'     A  ia  the  wheel  keyed  to  the  shaft  0 ;  B,  Ji,  &c.  are  tlic 
'.tgnide-vanes,  pivoted  at  P,  JP,  &c,,  nearer  to  their  inner 
L-^tbui  to  their  outer  ends;  J),  D,  &i;.,  shafts  and  bell-cranks 
UBOOnectiDg  the  guide-vanes  with  outside  bell-cranks  and 
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coupling-iods  S,  E,  &c.  Suitable  gear  acting  on  one  of 
the  sh.ifts,  D,  actuates  simultaneously  all  the  guide-vanes, 
increasing  or  diminishing  the  outflow  area  of  the  guide 
passages  in  a  luaoner  sufficiently  clear  from  the  illustration. 
/  is  the  supply-pipe ;  H  the  wheel-cover ;  G  a  bracket  and 
screw  for  adjusting  the  pivot  (not  shown  in  the  illustration). 
The  absolute  angle  of  outflow  a  from  the  guide  pass^es 

Fig.  74  B. 


is  very  large,  so  that  the  water  enters  the  wheel  almost 
tangentially,  and  very  few  guide-vanes  are  necessary.  It 
is,  however,  a  drawback  to  this  form  of  turbine,  that  owing 
to  the  great  length  of  the  guide-vanes  the  dimensions  of 
the  casing  for  large  wheels  become  excessively  great. 

In  order  to  obtain,  with  a  given  diameter  of  wheel,  a 
greater  outflow  area  than  would  otherwise  be  possible, 
every  alternate  wheel-vane  is  made  shorter  than  the  rest, 
so  that  it  occupies  only  the  outer  half  of  a  bucket  where 
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the  passages  are  widest,  as  shown  in  Fig.  75.  This  con- 
structioQ  also  tends  to  reduce  the  loss  by  friction  in  the 
passages. 

Id  other  systems  of  radial  inward-flow  turbiuus  the 
curves  of  guide  and  wheel  vanes  both  terminate  in 
straight  lines  at  the  outSow  (yide  Fig.  22).  The  outer 
extremities  of  the  guide-vanes  are  very  often  radial.  The 
radial  height  of  the  guide  passages  in  such  turbines  is  then 
about  the  same  as  tliat  of  the  wheel-buckets,  and  the 
guide-casing  has  a  much  smaller  diameter  relatively  to  the 

FiK-  75. 


wheel  than  is  required  for  the  "Vortex"  turbine;  on  the 
other  hand,  a  much  greater  number  of  vanes  is  necessary 
in  order  to  give  the  flow  the  desired  direction.  Judging 
by  results,  as  far  as  efficiency  is  concerned,  there  appears 
to  be  no  difference  between  the  two  systems,  with  both  of 
which  admirable  results  may  be  obtained. 

For  the  vanes  of  radial  outward-flow  turbines  the  con- 
struction shown  in  Fig.  76  is  convenient,  and  may  be 
applied  to  either  guide  or  wheel  vanes. 

Let  TWi,  TOj,  wij,  &c,  be  the  points  at  which  the  vanes 
are  pitched  on  the  mean  circumference  of  outflow.  Taking 
the  point  mj— for  example— set  out  m^  t^,  forming  the 
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outflow-angle  Og,  with  a  radial  line  from  the  centre  of  the 


wheel  to  mg. 


Fig.  76. 


Perpendicular  to  mg  t^  draw  vi^  0^  and  on  either  side 
of  m^  set  out — on  m^  0^ — the  length 

T 
where  ^  is  the  angle  subtending  the  pitch. 
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From  the  adjacent  pitch-point  m^y  draw  m^  0^  in  the 
same  way  as  m2  ^3. 

1)1^  O3  and  ?^3  O4  intersect  in  O3,  and  O3  is  the  centre 
from  which  the  arc  c^  /g,  forming  the  outer  portion  of  the 
vane-curve,  is  described. 

From  O4,  with  the  radius  0^  c^  =  O3  e^,  the  corresponding 
part  63  /j  of  the  adjacent  vane-curve  is  also  drawn.  The 
centres  O^,  Og,  O3,  &c.,  for  all  the  outer  vane-curves,  lie  in 
a  circle.  If  the  construction  is  correct,  the  arcs  drawn 
through  the  points  e^,  e^,  ^3,  &c.,  must  pass  through  the 
corresponding  points  /i,  Z^,  /g,  &c.,  lying  on  the  outer 
circumference. 

The  inner  portions  of  the  vane-curves  are  also  arcs 
described  from  points  P^  Pj,  P3,  &c.,  as  centres,  on  the 

radii  O2  ^i»  O3  ^2.  O4  '^'h' 

The  result  of  this  construction  is,  that  the  tangents  to 
the  adjacent  vane-curves  at  c^  and/,,  Cj  and/3,  &c. — where 
the  outflow  area  is  least — ^are  parallel,  and  thus  there  is 
no  contraction  of  the  streams  issuing  from  the  buckets. 

It  is  generally  easy  to  find  by  trial  the  proper  position 
for  each  of  the  centres  P„  Pj,  P3,  &c.,  in  such  a  manner 
that  the  relative  angle  of  inflow  is  correct.  The  inflow 
end  of  each  vane  may  terminate  in  a  straight  line,  if 
necessary,  forming  a  tangent  to  the  inner  portion  of  the 
vane-curve.  When  the  distances  e^  /j,  gj/s,  &c.,  are  deter- 
mined as  described,  and  the  thickness  of  the  vanes  is 
settled,  the  clear  depth  of  the  outflow  passages  is  of  course 
fixed,  and  to  obtain  the  desired  outflow  area,  the  iddth 
of  the  passages  must  be  calculated  accordingly. 

General  Eemarks  on  the  Construction  of  Tanes. 

In  designing  and  constructing  the  vanes  of  a  turbine 
everything  possible  should  be  done  to  avoid  unnecessary 
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0  \iO  Xy  X  has  advanced  to  X^^  so  that  the  latter  is  the  last 
point  of  the  absolute  path. 

If  the  shape  of  the  buckets  is  such  that  the  velocity 
with  which  the  water  traverses  the  wheel,  parallel  with  the 
axis,  remains  coTistanty  it  is  a  very  simple  matter  to  construct 
the  curve  of  the  absolute  path.  On  entering  the  wheel 
the  water  has  the  absolute  velocity  0  A,  Fig.  78 ;  the 
vertical  component  is  0  V,  and  this,  by  hypothesis,  must 
remain  the  same  at  every  point  during  the  passage  through 
the  buckets.  A  P\s  the  velocity  of  rotation  of  the  wheel, 
so  that  while  the  water  moves  vertically  through  a  distance 
0  V,  the  wheel  has  advanced  by  A  P, 

Fig.  78. 
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If  a  scries  of  lines  h^  h^y  k^  h^  h^  h^  parallel  with  0  X, 
be  drawn  at  equal  distances  x  apart,  the  interval  1  1  in- 
tercepted on  hi  hi  by  its  intersection  with  0  A  and  0  P 
represents  the  distance  traversed  by  the  wheel  while  the 
water  has  passed  vertically  through  x  and  arrived  at  the 
point  Pi  on  the  vane-curve ;  similarly  2  2  on  h^h^  is  the 
length  by  which  the  wheel  has  advanced  while  the  fluid 
has  traversed  the  vertical  distance  2  x  and  arrived  at  the 
point  Pa ;  and  at  the  point  P^  the  corresponding  advance 
is  3  3.     To  determine  the  points  of  the  absolute  path 
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it  is  only  necessary  to  mark  oflF  from  Pi,  Pg*  ^'^^  -^^3  ^^^ 
distances  P^  p^,  Pj  p^  and  P3 1?3  equal  respectively  to  the 
intervals  1  1,  2  2,  and  3  3;  then  p^,  p^  and  p^  are  the 
points  required. 

In  constructing  the  absolute  path  for  a  radial  turbine 
it  is  necessaiy  to  take  into  account  the  fact  that  the  speed 
of  the  wheel  varies  at  different  points  of  the  vane  accord- 
ing to  the  distance  from  the  axis  of  rotation.  The 
result  of  this  on  the  curve 
of   the   absolute    path,    as  '"' 

compared  with  that  of  an 
axial  turbine  having  the 
same  velocity  of  rotation  at 
the  inflow,  is  to  produce  a 
greater  deflection  for  an 
inward-flow  and  a  less  de- 
flection for  an  outward-flow 
wheel  Let  0  A,  Fig.  79, 
be  the  absolute  path  for  an  ' 

axial  turbine,  then  for  an  inward-flow  wheel  the  path 
will  be  0  P,  for  an  outward-flow  wheel  0  G.  The  dis- 
tance Pi  pi  which  is  trayersed  by  the  point  Pj  of  the 
vane  while  the  water  moves  relatively  from  0  to  Pi  in 
an  axial  turbine,  is  reduced  to  Pi  hy  in  the  case  of  the 
inward-flow  turbine,  Pi  &i  bearing  to  Pi  pi  the  ratio  of 
the  radius  of  Pj  to  that  of  the  starting-point  0 ;  similarly 
P^  &2  is  to  P2  p^  as  the  radius  at  Pg  to  the  radius  at  0 ;  as 
the  radii  of  Pj  and  P^  are  less  than  that  of  0,  Pj  61,  and 
P,  \  are  smaller  than  Pi  p^  and  P^  p^. 

In  the  case  of  an  outward-flow  wheel  where  c^  and  c^ 
are  points  of  the  absolute  path,  Pi  c^  and  Pg  c^  are  greater 
than  Pj  jpi  and  P^  p^  respectively. 
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CHAPTER  VI. 

THE  DESIGN  OF  REACTION  TURBINES  {continued). 

Influence  of  angle  of  outflow  from  guides  and  area  ratio  on 
efficiency. — Methods  of  regulating  turbines. — Correct  system  of 
regulation. — The  distribution  of  water  in  turbines. — Helical  vanes. 
— Constant  angles  of  outflow. — Loss  from  unutilized  energy. — Loss 
by  shock. — Comparison  of  axial  with  radial  turbines. — Reasons  for 
theoretical  superiority  of  inward-flow  wheels. — Practical  drawbacks. 
— Mixed-flow  turbines. — On  the  use  of  the  suction-tube  and  Boyden 
d  iff usor.— Best  shape  for  suction-tube. — Boyden  diffusor. — Necessary 
adjuncts. — Losses  in  tubes  and  dififusors. — Experiments. 

Effect  of  Proportions  and  Dimensions  on   the 
Performance  of  Reaction  Turbines, 

It  has  been  already  shown  that  under  otherwise  similar 
conditions  the  eflBciency  is  greater  the  larger  the  relative 
angle  of  exit  02,  as  the  residual  velocity  of  oflF-flow  de- 
creases, the  more  nearly  the  relative  direction  with  which 
the  water  leaves  the  buckets  approaches  to  the  direction 
of  rotation.  It  is  therefore  always  desirable  to  make  the 
angle  a^  as  great  as  practicable  in  all  kinds  of  reaction 
turbines.  If,  however,  the  direction  of  outflow  approach 
too  closely  to  that  of  rotation,  it  is  obvious  that  the  depth 
pf  the  passages  becomes  very  small,  and  to  allow  a  given 
quantity  of  water  to  pass  through  the  wheel,  either  the 
width  must  be  very  great  or  the  diameter  large,  so  that 
the  number  of  buckets  may  be  increased.     In  practice 
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Oj  rarely  if  ever  exceeds  80",  and  is  generally  less;  it 
is  not  desirable  to  exceed  a  certain  proportion  between 
the  width  and  diameter  of  the  wheel,  and  an  increase 
in  the  diameter  means  increase  of  cost  and  of  space 
required.  If  the  residual  velocity  of  the  water  as  it 
leaves  the  wheel  is  not  low  enough,  the  efficiency  can  be 
improved  by  the  use  of  a  diffusoi'  or  suitably  constructed 
sfudion-tube. 

In  considering  the  effect  of  the  other  dimensions  and 
proportions  on  the  efficiency  of  turbines,  it  will  be  con- 
venient to  investigate  first  the  case  of  axial  turbines  and 
afterwards  to  compare  these  with  those  of  the  radial  type. 
Before  this  can  be  done,  some  assumptions  must  be 
made  as  to  the  co-efficients  of  resistance,  and  the  value  of 
any  conclusions  arrived  at  necessarily  depends  on  the 
accuracy  of  these  assumptions.  It  has  so  far  been  taken 
for  granted  that  the  co-efficients  ^  and  (^  for  the  resistances 
in  the  guide  apparatus  and  wheel  respectively  are  constant, 
but  this  has  been  done  merely  as  a  matter  of  convenience 
for  practical  purposes. 

As  regards  Cit  the  co-efficient  for  the  guide  passages, 
there  is  no  reason  to  suppose  that  under  average  condi- 
tions its  value  varies  appreciably  for  surfaces  of  a  given 
character  and  a  given  class  of  workmanship. 

The  loss  in  the  guide  wheel  is  made  up — as  has  been 
stated — of  the  friction  of  the  walls  of  the  passages,  the 
resistance  of  the  bend,  and  the  obstruction  offered  by  the 
edges  of  the  vanes  to  the  entry  of  the  water.  The  first 
depends  on  the  nature  of  the  internal  surface  of  the 
passages  and  their  proportions.  For  wheels  of  about  the 
same  power,  but  varying  as  regards  the  vane-angles  and 
the  ratio  of  the  areas  A  and  A^,  the  proportions  of  the 
passages  will  not  differ  sufficiently  to  seriously  affect  the 
co-efficient  of  resistance.   The  second,  the  resistance  of  the 
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bend,  will  also  vary  very  slightly  for  unit  velocity  for 

different  wheels.     The  third  component  of  the  loss,  due  to 

the  obstruction  of  the  vanes,  depends  on  the  proportion 

which  the  obstructive  area  bears  to  the  total  area  of  the 

stream  entering  the  guide  passages ;  this  proportion  is  not 

necessarily  affected  in  any  way  by  the  angles  a  and  Og  nor 

,     A 
by   the  ratio   — ,  so  that  as  far  as  that  is  concerned  a 

constant  value  of  d  is  justified.  On  the  whole,  therefore, 
for  purposes  of  comparison,  a  constant  value  of  d  is  a 
reasonable  assumption  where  turbines  not  differing  very 
widely  in  dimensions  are  concerned. 

The  losses  from  the  moment  the  water  leaves  the  guide 
passages  to  that  at  which  it  quits  the  wheel  have  been 
hitherto  all  included  under  the  co-efficient  (2-  ^^  reality 
they  are  of  a  very  complicated  character,  which  it  would 
be  impossible  to  determine  theoretically  with  any  approach 
to  accuracy.  It  is  quite  certain,  however,  that  the  value 
of  ^2  ^^  fi^ct  is  not  constant.  It  includes,  among  other 
factors,  the  loss  by  leakage  through  the  clearance  space 
between  guide  passages  and  wheel,  and  from  this  it 
might  be  supposed   that  its  value  would   increase  with 

an  increasing  ratio    — ,  that  is,  the  greater  the  degree 

of  reaction  and  the  higher  the  pressure  at  the  mouth  of 
the  guide  passages,  since  ^the  amount  of  leakage  must — it 
would  be  inferred — depend  on  that  pressure. 

Experiments  which  have  been  carried  out  and  calcu- 
lations made  by  Professor  Fliegner  of  Zurich,  tend  to 
show  that  this  is  not  the  case,  but  that,  on  the  contrary, 
with  increasing  reaction  and  greater  pressure  at  the 
mouth  of  the  guide  passages,  the  co-efficient  d  decreases. 
The  number  of  data  available  on  this  subject  is,  however, 
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very  Hmited,  and  quite  insufficient  to  form  any  basis  for 
rules  or  formulas. 

For  the  present  the  assumption  of  a  constant  value  of 
Ci  will  be  adhered  to,  and  the  conclusions  to  which  it  leads 
compared  with  practical  results. 

The  efficiency  of  a  reaction  turbine  is  expressed  from 
(viii)  by: 

2 sin  ttj  sin  a 


€    = 


r,A  I  A\ 

2  —  —  sin   ttj   sin    a    +    C^   +   \—j  {Ci  +  cos^a^) 


In    Table   No.   II.   the    efficiencies    corresponding   to 

^1    A 
various  values  of  — ,  — ,  a.^  and  a  will   be   found.     For 

^2    A2 

T 

an  axial  turbine  —  =  1,  so  that 


2 


e  = 


2  —  sin  ao  sin  a 
A, 


A  (AV 

2  —  sin  a^  sin  a  +  Ci  +  \  "7  /    ^^2  +  cos  \) 
A2  Ai 

Influence  of  a  on  Efficiency,     The  numerator  of  the 

fraction  expressing  the  value  of  c  is  proportional  to  the 

effective  work  clone  iper  unit  of  velocity  offioxo  by  the 

wheel ;  the  same  quantity  also  appears  in  the  denominator, 

but  with  other  quantities  added ;  for  any  given  values  of 

—  and  Oj  these  additional  quantities  are  constant,  and 
At 

only  the  first  term  of  the  denominator  changes  with  the 

angle  a,  to   the  sine  of  which   it  is  proportional.      The 

A 
greater,  therefore,  the  value  of  2  —  sin  a.j  sin  a,  the  more 

A., 
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closely  will  the  fraction  c  approacli  unity,  and  lience  the 
efficiency  is  increased  by  making  a  larger. 

This  will  be  most  clearly  seen  by  reference  to  Table 

A 
No.  II.;    for  instance,  with  —  =2  and  Oj  =   70",  the 

efficiency   increases   from   0*674   for   a   =    50**   to    0*722 

A 
for  a  =  75®;  with  —  =  1  the  corresponding  figures  are 

A2 

respectively  0*764  and  0*804.  It  will  be  noted  that  the 
effect  is  not  very  marked  even  for  a  considerable  variation 
in  the  angle,  but  still  it  is  evident  that  to  obtain  the 
highest  efficiency  a  should  be  as  large  as  possible. 

This  conclusion  is  quite  independent  of  the  value  of  the 
co-efficients  of  resistance  d  and  Cj- 

In  practice  it  is  not  usual  to  make  a  greater  than  75'', 
occasionally  80°. 

Influence  of  Ratio   —    on  Effi-ciency.      An   inspection 

of  the  Table  No.  I.  for  K^ — which  is  proportional  to 
the   velocity   of   flow   from    the   guide   passages — shows 

,     A       ,  ^ 
that  for  a  decreasing  ratio  — ,  with  any  given  value  of 

^2 
a  and  a^  the  velocity  of  flow  c  becomes  greater ;  at  the 
same  time  the  relative  velocity  c^  with  which  the  water 
leaves  the  wheel-buckets  decreases,  but  more  rapidly  than 
c  increases.  The  loss  in  the  wheel,  to  which  the  co- 
efficient Cjj  corresponds,  is  assumed  to  be  proportional  to 
the  square  of  the  relative  velocity  c.^,  and  this  is  true  also 
of  the  residual  velocity  of  oflf-flow  n  =  c^  cos  a^.  On 
the  other  hand  the  work  done  depends  only  on  the 
product  of  c  and  c^,  and  is  therefore  proportional  only 
with  the  first  power  of  rg ;  consequently  with  a  diminish- 
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ing  ratio  —  the  work  done  decreases  less  rapidly  than  the 

losses  in  the  wheel  and  from  unutilized   energy.      The 

result   is   that   the   efficiency   varies  with    the  ratio    -, 

A2 

and  attains  a  maximum,  as  is  evident  from  an  examination 

A 
of  Table  No.  II.  for  a  value  of  —  about  0*75.     Between 

A, 

the  efficiency  corresponding  to  this  value  and  that  for 

—  =1,  there  is  a  practically  unappreciable  difference, 

and   for  axial   turbines  the   most   usual   ratio  is  in  the 

neighbourhood  of  these,  ranging  from   somewhat   above 

to  somewhat  below  unity.     The  greatest  occurring  differ- 

A  , 
ence  in  the  efficiency  for  values  of  —  between  2  and  025 

is,  however,  only   0*096  or  9*6  per  cent.,  the   efficiency 

.A 
diminishing  for  an   increasing  ratio  —  above   0'75.     If 

it  is  taken  into  account  that  (2  tends  to  become  less  for 

increasing  reaction,  the  actual  efficiencies  for  high  ratios 

of -4  to  -^2  would  be  greater  than  those  contained  in  the 

A 
table.     The  value  1*75  for  —  has  seldom  been  exceeded 

A^ 

in  practice,  and  for  this  the  theoretical  efficiency  is  0*80, 
only  4*9  per  cent,  less  than  the  maximum.  In  view  of 
these  facts  it  may  safely  be  stated  that  for  practical  pur- 
poses the  efficiency  is  only  slightly  affected  by  varying 
degrees  of  reaction. 

This  conclusion  is  fully  borne  out  by  experimental 
results,  in  so  far  as  they  are  available  for  comparison  ;  the 
latter  is  rarely  the  case,  for  various  reasons.     In  order  to 
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compare  two  or  more  turbines  as  regards  the  influence  of  any 
particular  proportion  or  dimension  on  their  performance, 
they  should  in  other  respects  be  as  nearly  alike  as  pos- 
sible, and  the  workmanship  of  all  should  be  of  the  same 
quality;  this  condition  can  only  be  insured  when  the 
motors  tested  are  by  the  same  maker;  otherwise  the 
results  may  be  affected  by  subordinate  details  to  such  an 
extent  as  to  vitiate  any  conclusions  drawn.  In  spite  of 
this,  the  best  performances  recorded  of  a  large  number 
of  turbines  of  different  kinds  varying  very  widely  in 
dimensions  and  proportions,  agree  sufficiently  well  to 
confirm  the  theoretical  deductions. 

Three  experimental  turbines  of  Rittinger's — previously 
mentioned — afford  an  exceptionally  good  opportunity  of 
observing  the  influence  of  various  proportions  of  A  to  A2 
on  the  performance  of  the  motors.  All  three  wheels  were 
of  the  same  outside  diameter  and  approximately  the  same 
power,  and  were  tested  with  as  nearly  as  possible  an 
equal  head  of  water ;  the  angles  a  and  ag  differed  some- 

,    A 
what,  and  the  ratio  —  very  greatly  in  the  three  motors. 

The  following  are  the  necessary  data  and  results : — 


A 

No.  of  revolutions 

a 

0.1 

A-- 

Efficiency.      iwr  minuto. 

(1) 

78" 

64' 

0-522 

0-673              09 

(2) 

73° 

74" 

1-274 

0-697            135 

(3) 

68' 

75" 

1-661 

0-632            151 

In  each  instance  the  speed  given  is  the  hcst  speed. 
There  is,  it  will  be  noted,  a  maximum  variation  of  only 
65  per  cent,  in  the  efficiencies,  while  between  the 
efficiencies  of  motors  (1)  and  (3),  which  differ  most  in 
construction,  the  variation  is  only  41  per  cent. 

It  should  be  observed  that  in  Rittinger's  turbines  the 
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differeDces  in  the  ratio  —  were  obtained  almost  entirely 

by  varying  the  angles,  and  the  eflfect  of  the  latter  on  the 
efficiency  cannot  be  separated  from  that  of  the  ratio  in 
question;  in  general,  however,  this  is  the  only  method 
in  which  the  proportion  between  the  outflow  areas  is 
varied  in  axial  turbines,  for  which  the  width  of  buckets 
remains  constant. 


Methods  of  Regulating  Reaction  Turbines. 

A  reaction  turbine  only  works  to  the  best  advantage 
when  water  is  admitted  to  all  the  buckets ;  all  systems 
of  regulation,  except  one,  reduce  the  efficiency  of  the 
turbine  when  not  working  full.  This  one  correct  method 
of  regulation  is  attended  with  practical  difficulties  and 
is  very  seldom  applied.  It  will  be  subsequently  explained  ; 
but  before  this  is  done  it  is  desirable  to  describe  the 
other  systems  adopted,  and  show  in  what  consist  their 
disadvantages.    These  systems  are  the  following  : — 

(1)  Regulation  by  means  of  the  head-race  sluice. 

(2)  „  „         „  tail-race  sluice. 

(3)  „  „         „         a  throttle  valve. 

(4)  „  „  partially  closing  the  guide  passages. 

(5)  „  „  means  of  concentric  subdivision. 

(I.)  Regulation  by  Head-race  Shiice,  Tlie  orifice 
through  which  the  water  is  admitted  to  the  reservoir  or 
space  immediately  above  the  turbine  is  altered  by  means 
of  an  ordinary,  sluice,  thus  allowing  more  or  less  water  to 
pass  through,  means  being  provided  for  the  passage  of  the 
surplus  fluid  by  another  channel  when  the  wliole  available 
quantity  is  not  required. 
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If  by  partially  closing  the  sluice  the  quantity  of  water 
admitted  is  reduced  to  half  that  with  which  the  wheel 
works  at  its  full  power,  the  result  will  be  that  the  head 
will  sink  until  it  corresponds  approximately  to  half  the 
velocity  of  flow  at  full  power,  which — as  the  head  is  pro- 
portional to  the  square*  of  the  velocity — would  be  J  of 
the  original  head.  At  this  reduced  velocity  of  flow  the 
speed  should  be  also  reduced  in  proportion  if  the  motor 
is  to  work  to  the  best  advantage,  that  is,  to  about  half  the 
speed  at  full  power ;  as,  however,  it  is  generally  necessary 
to  run  at  a  constant  speed,  this  latter  will  under  the 
assumed  conditions  be  double  as  great  as  the  best  speed, 
and  as  this  is  approximately  the  velocity  with  which  the 
wheel  revolves  without  a  load,  doing  no  work,  the  eflSciency 
is  reduced  to  zero. 

From  this  extreme  case  it  will  be  seen  that  the 
method  of  regulation  by  the  head-race  sluice  is  very 
defective. 

(II.)  Reg^dation  by  Tail-rctce  Sluice.  This  system  is 
generally  applied  to  turbines  with  suction-tubes.  The 
sluice  is  usually  a  circular  one,  surrounding  the  lower  end 
of  the  suction-tube,  as  shown  in  Fig.  24,  p.  35.  Suppose, 
again,  in  this  case,  that  the  sluice  is  so  far  closed  that  only 
half  the  quantity  of  water  required  at  full  power  is  allowed 
to  pass.  The  velocity  of  flow  will  be  reduced  to  one-half, 
but,  as  the  work  done  per  unit  of  weight  is  proportional  to 
the  square  of  the  velocity,  the  efficiency  will  be  only  \  of 
that  at  full  power  with  the  same  speed,  and  the  total  work 
done  only  ^. 

By  the  regulating  action  of  the  sluice,  therefore,  the 
efficiency  is  very  much  reduced,  and  the  system  in  question 
is  consequently  bad. 

Apart  from  this,  it  has  another  drawback,  which  con- 
sists in  the  fact  that  a  very  considerable   reduction    in 
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the  outflow  orifice  produces  a  comparatively  slight  efTect 
on  the  velocity  of  flow.  The  effect  of  regulating  by  a 
sluice  to  the  suction-tube  is  illustrated  by  the  following 
figures,  taken  from  the  results  of  experiments  made 
many  years  ago  by  Messrs.  A.  Koechlin  and  Co.  of 
Mulhouse. 

Open  heigbtof  sluice.         Q-;^^^!^^'^  Efficiency. 

0-426  29610  0*718 

0176  271-71  0-631 

0095  253-90  0*349 

It  is  clear  that  as  the  opening  of  the  sluice  is  changed 
the  speed  of  greatest  efficiency  is  altered  in  proportion 
as  the  velocity  of  flow  is  reduced,  and  it  is  assumed  that 
for  practical  reasons  the  speed  must  be  maintained  constant 
under  all  conditions. 

For  raising  and  lowering  the  sluice  of  a  suction-tube 
an  arrangement  of  rack  and  pinion,  acting  on  rods  by 
which  the  sluice  is  suspended,  is  generally  employed. 

(III.)  Regulation  by  Throttle  Valve,  The  effect  of 
a  throttle  valve  applied  either  before  the  water  enters 
the  guide  passages  or  in  the  suction-tube  is  similar  to 
that  resulting  from  the  methods  of  regulation  (I.) 
and  (II.)  previously  described,  and  is  therefore  objection- 
able ;  owing  to  its  shape  it  offers  a  greater  resistance  to 
the  passage  of  the  water  than  the  shiices ;  the  lower  edge 
of  a  sluice  may  be  rounded  off  with  a  curve  of  large  radius, 
but  with  a  throttle  valve  this  is  impracticable. 

(IV.)  BeguhUion  by  partially  closing  G-uide  Passages. 
This  system  is  now  most  generally  adopted  for  regulating 
reaction  turbines.  The  mechanisms  employed  are  various, 
but  the  result  produced  is  in  all  cases  much  the  same; 
the  following  is  a  description  of  some  of  the  more  import- 
ant arrangements  used  :— 
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(1)  TarticBl  flidei  to  each  guide  pauage.     This  con- 
struction is  shown  in  Figs.  80,  81,  and  82 ;  every  slide  is 


attAclied  to  a  rod,  which  in  some  cases  is  worked  inde- 
pendently, while  in  others  suverol  are  coupled  together 
and  connected  by  a  cross  head  to  a  single  rod.     Each  rod 
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may  be  actuated  by  a  baud  wheel  and  nut  acting  on  tlie 
screwed  upper  end,  or  all  the  rods  can  be  worked  from 
a  sort  of  horizontal  cam  (vide  also  Fig.  30),  which  is  fur- 
nished with  a  groove  on  the  outer  circumference  into 
which  project  rollers  carried  on  pins  attached  to  the  upper 
ends  of  the  slide  rods ;  as  the  cam  is  made  to  revolve, 
each  of  the  rods,  with  the  slides  connected  to  it,  is  raised 
or  lowered  in  succession.  Referring  to  the  illustrations, 
Figs.  80  and  81  show  the  cam  with  the  grooves  forme<l 
by  projecting  flanges  ia  and  %;  at  ^4  the  groove  is  inclined, 


Fig.  81. 


and  as  the  cam  revolves  from  left  to  right,  a  roller  which 
has  arrived  in  the  position  indicated  by  18,  is  forced  down 
or  drops  by  its  own  weight  into  the  relative  position  19, 
thus  lowering  the  slides  connected  with  it  and  closing  the 
corresponding  guide  passages.  18  and  20  show  the  posi- 
tions of  the  extreme  rollers  when  all  slides  are  open,  19 
and  21  the  same  when  all  are  shut. 

Fig.  82  shows  the  construction  of  the  slides  a,  a,  a, 
attached  to  the  rods  b,  b,  b,  which  are  connected  by  the 
cross  head  c;  the  central  rod  is  continued  upwards,  vide 
Fig.  80,  and  at  its  upper  end  e  is  enlarged  in  diameter, 
and  carries  the  roller  g  revolving  on  the  pin  /.  At  the 
top  of  the  cam  i  is  a  toothed  bevel  ring  k,  which  gears 
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witli  the  pinion  /  keyed  to  the  shaft  m,  by  means  of  which 
motion  is  imparted  to  the  cam ;  n  is  the  bearing  for  the 
shaft  m.  The  cam  is  supported  by  rollers  p,  which  run  on 
a  circular  rail  q  cast  on  the  top  of  the  guide-wheel  cover  o. 
The  dimensions  given  in  the  illustration  are  in  millimetres. 
In  Fig.  83  another  form  of  slide  is  shown,  in  which  the 
faces  c  are  of  cast-iron  with  curved  wooden  blocks /on  the 
back.  The  slides  are  worked  by  the  rods  1,  2,  and  3 ; 
h,  b,  h  are  the  guide,  and  a,  «,  a  the  wheel  vanes. 

Fig.  82. 


The  backs  of  the  slides  are  curved,  in  order  that  they  may 
offer  less  resistance  to  the  passageof  the  water  beneath  them. 

This  type  of  slide  is  unnecessary  where  the  regulation 
is  cflfected,  as  it  should  be,  by  entirely  closing  some  of  the 
guide  passages. 

(2)  Horizontal  slides  on  the  top  of  guide  passages.  The 
slides,  each  of  which  generally  covers  two  or  three  guide 
passages,  are  moved  radially  inwards  or  outwards  by  a  cam, 
in  a  manner  similar  to  that  previously  described ;  as  the 
mechanism  is  all  under  water,  it  is  liable  to  become  choked 
and  otherwise  interfered  with  by  mud,  sand,  and  other 
material  carried  by  the  water,  and  is  on  this  account  not  to 
be  recommended  for  practical  purposes. 
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(3)  Pivoted  flapt.  Ib  the  guide  paiutre*.  Fig.  84  illus- 
trates this  arrangement :  two  guide  paasr^es  D  are  covered 
by  one  flap  R,  which  ia  pivoted  over  the  central  vane 
between  the  two  passages.  Each  flap  in  worked  by  a  rod 
a  attached  by  a  pin  at  Fig.  R3. 

u.  The  rods  can  be 
actuated  by  a  cam  in 
the  manner  described 
under  (1) ;  anotlier 
method  of  effecting  this 
is  by  prolonging  the 
spindle  on  which  each 
flap  turns  through  the 
inner  wall  of  the  guide-wheel,  and  on  the  end  of  this  pro- 
longation fixing  a  crank,  the  pin  of  which  projects  into  a 
groove  in  the  surface  of  a  cylinder  or  cam  concentric  with 
■the  turbine  shaft.  When  this  cam  is  made  to  revolve,  the 
pins  are  forced  to  travel  in  succession  up  or  down  an 
inclined  portion  of  the  groove,  thus  closing  or  opening 
the  flaps. 

Fig.  Si. 


This  latter  arrangement  has  the  drawback  of  being 
inaccessible.  The  use  of  flaps  as  described  is  open  to 
the  objection  that  they  do  not  close  tight,  and  are  rather 
weak  in  case,  as  often  happens,  they  should  stick  and 
require  the  application  of  considerable  force  to  move  them. 

(4)  Scroll  refpilator.     This   arrangement   is  shown   in 
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Fig.  85 ;  it  consists  essentially  of  two  scrolls  or  bands  of 
leather  or  india-rubber  L  Z,  on  the  face  of  which  a  series 
of  metal  strips  ore  riveted,  wound  upon  conical  rollers 
J  J.  The  rollers  are  connected  by  a  casting  K,  which 
turns  loose  about  the  turbine  shaft  G.  P]ach  band  or  scroll 
is  fastened  down  to  the  guide  appai-atus  at  one  end  r,  and 
when  the  casting  K  with  the  rollers  is  made  to  revolve  in 
one  direction,  the  bands  are  unrolled  and  laid  down  over 
the  guide  passages;  when  the  motion  is  in  the  opposite 
direction  they  are  wound  up  again  and  the  passages  un- 

Fig.  86. 


covered.  The  mechanism  is  actuated  by  the  wheel  M  and 
pinion  JV,  from  the  hand-wheel  R  through  the  spindle  u. 
This  method  of  regulation  is  over  twenty-five  years  old, 
but  is  still  used  by  some  engineers,  and  has  given  very 
satisfactory  results ;  leather  has  been  found  to  be  the  best 
material  for  the  scrolls. 

(5)  King  slide  or  sluice.  With  this  system  two  con- 
centric half-rings  of  diflferent  diameters  are  employed,  each 
of  which  is  sufficient  to  cover  one-half  of  the  guide  pas- 
sages; the  entrances  to  the  latter  are  situated  on  two 
concentric  annular  surfaces,  half  the  orifices  being  in  one 
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of  these  and   half  in  the   otlier  diametrically   opposite. 
WhoD  all  the  guide  pasaages  are  opeo.  the  two   slides 


rest  over  those  portions  of  the  aDnular  surfaces  not  occu- 
pied by  the  guide  orificea.  The  slides  may  be  either  flat, 
conical,  or  cylindrical,  according  to  circumstances.  Fig.  86 
shows  this  method  of  regulation  as  applied  to  an  axial 
turbine,  while  Fig.  87  illustrates  its  adaptation  to  an 
iuwaid-flow  wheel. 

(6)  Movable  g^de-vanea.  The  late  Professor  James 
Thomson  introduced  a  system  of  regulation  for  his 
inward-flow  turbines  which  consists  in  attaching  the  guide- 
vanes  to  pivots,  so  that  by  changing  their  inclination  with 
respect  to  the  wheel  the  area  of  tho  guide  passages  can  be 
varied.  This  construction  has  already  been  described  and 
illustrated  in  connection  with  the  "Vortex"  turbine,  Figs. 
74a  and  74a 

Various  means  of  actuating  the  vanes  are  employed,  the 
simplest  being  by  means  of  levers  or  cranks  fixed  on  the 
ends  of  the  spindles  about  which  the  vanes  turn. 

The  drawback  to  this  method  is,  that  in  all  positions  of 
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the  vanes  except  one  the  water  enters  the  wheel  with 
impact,  and  there  is  a  corresponding  loss  of  energy. 

(7)  Circular  slide  between  gnide  passages  and  wheel. 
This  system,  shown  in  connection  with  "  the  Humphrey  ** 
turbine  {vide  Chapter  XL),  is  applied  to  radial  inward-flow 
turbines,  and  consists  of  a  ring  or  cylinder  concentric  with 
the  wheel,  fitted  between  the  latter  and  the  guide  appa- 
ratus, and  containing  a  number  of  openings  corresponding 
to  the  orifices  of  the  guide  passages;  the  spaces  between 
the  openings  are  at  least  equal  to  the  latter,  so  that  by 
turning  the  regulator  cylinder  the  guide  passages  can  be 
covered.  This  arrangement  necessitates  a  great  thickness 
of  the  guide-vanes  measured  on  the  inner  circumference 
of  the  guide-wheel,  and  in  a  reaction  turbine  interferes 
very  much  with  the  continuity  of  flow  essential  to  its 
correct  action. 

(8)  Sluice  inside  wheel.  For  Fourneyron  (outward-flow) 
turbines  a  cylindrical  sluice  inside  the  wheel  shutting  off 
the  guide  passages  vertically — that  is,  reducing  the  height 
of  the  passages  all  round — has  been  employed;  this  ar- 
rangement, of  course,  when  the  wheel  is  not  working  at 
its  full  power,  allows  the  wheel-buckets  to  be  only  partially 
filled,  and  therefore  interferes  with  the  correct  action  of 
the  turbine  when  working  drowned ;  if,  as  sometimes 
occurs,  the  off-flow  takes  place  above  water,  then  the 
influence  of  the  sluice  would  not  be  so  detrimental,  as  in 
that  case  the  motor  becomes  practically  an  impulse  tur- 
bine with  free  deviation.  A  similar  method  of  regulation 
is  employed  with  some  inward-flow  wheels. 

There  are  besides  the  mechanisms  enumerated  a  large 
number  of  other  arrangements  and  modifications,  which  it 
would  occupy  too  much  space  to  describe. 

The  system  of  regulation  by  partially  closing  guide 
passages  reduces  the  efficiency,  but  not  to  the  same  extent 
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as  when  the  exit  of  the  water  is  controlled  by  a  throttle- 
valve  or  sluice  at  the  lower  end  of  the  suction-tube. 

Theoretically  it  is  essential  that  a  reaction  turbine 
should  work  ftdl  of  water  in  every  part,  and  by  closing 
some  of  the  guide  passages  this  condition  is  of  course 
interfered  with,  as  water  is  only  admitted  to  a  portion  of 
the  wheel-buckets  at  a  time.  When,  however,  a  good 
arrangement  is  adopted,  the  result  on  the  efficiency  is  not 
as  bad  as  might  be  anticipated.  It  is  best  to  close  a 
certain  number  of  the  guide  passages  entirely  in  such  a 
manner  that  all  the  closed  passages  are  contiguous,  as  this 
interferes  less  with  the  efficiency  than  when  everi/  passage 
in  the  turbine  is  partially  closed.  It  has  been  found  that 
to  obtain  good  results  air  should  be  admitted  to  the  closed 
passages,  so  that  the  water  in  the  corresponding  buckets 
of  the  wheel  may  be  able  to  escape  freely.  This  is  done 
in  some  cases  through  tubes  connecting  the  interior  of  the 
guide-buckets  with  the  atmosphere.  When  the  passages 
are  closed  the  tubes  are  open. 

The  eflfects  of  regulation  by  the  systems  in  question  will 
be  best  illustrated  by  the  examples  following,  selected  from 
the  results  of  actual  experiment 

Joiival  Turbine  at  Goeggingen. 

This  turbine^  is  regulated  by  flaps  hinged  on  the  out- 
side of  the  guide-wheel,  each  flap  covering  three  passages, 
or  ^  of  the  whole  area. 

Proportion  of  jKissiigcfi  open.  EflScicncy.  No.  of  revolutions. 

AIL  83-2  per  cent.  45-52 

J  79-5       „  45-29 

J,  74-9       „  44-35 

i  751       „  45-63 

1  Vide  Chap.  XI. 
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Humphrey  Turbine  at  the  Treniont  and  Suffolk 

Mills. 

The  "Humplirey  *'^  turbine  is  of  the  mixed-flow  class, 
the  water  entering  radially,  flowing  inwards,  and  leaving 
axially.  In  the  wheel  in  question  regulation  took  place 
by  means  of  a  circular  slide  between  guide  passages  and 
wheel  as  described  under  (7). 


Proportion  of  poBfla^-s  opon. 

ElHcicucy. 

No. 

of  rovoldtions 

100  per  cent. 

81-9  per  cent. 

47-42 

82-5     „ 

76-69     „ 

51-60 

77-24  „ 

76-54     „ 

48-00 

52-90  „ 

61-02     „ 

50-64 

40-66  .. 

5614    .. 

45-50 

A  comparison  of  these  results  with  those  given  in  the 
preceding  example  demonstrates  the  superiority  of  the 
regulating  arrangement  adopted  in  the  Jonval  turbine  ; 
with  50  per  cent,  of  the  passages  open  the  efficiency  was 
reduced  by  8*1  per  cent,  as  compared  with  that  obtained 
with  all  open,  while  in  the  case  of  the  Humphrey  turbine, 
with  the  whole  area  of  the  passages  and  with  5 20  per 
cent.,  the  efficiencies  were  respectively  81*0  per  cent,  and 
61*02  per  cent,  showing  a  reduction  of  20*88  per  cent. 


Fo unieyron  Turhin e. 

The  following  figures  arc  given  by  Professor  Unwin  as 
the  result  of  experiments  with  a  Fourneyron  turbine  regu- 
lated by  a  cylindrical  sluice  working  out  of  water  : — 

1  Kit/e  Chap.  XI. 
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Opening  of  sluice. 

Fnll 

Efficiency. 

62  per  cent. 

7 

H 

ft 

'.i 

15" 

60       ,, 
43       „ 

30       ,. 

With  the  turbine  drowned  the  efficiencies  were  lower. 

(V.)  BegtcUUion  by  concenti*ic  siMmisioii.  This  method, 
which  is  applicable  to  various  kinds  of  turbines,  is  gener- 
ally adopted  only  in  those  of  large  dimensions;  it  consists, 
in  the  case  of  an  axial  turbine,  in  dividing  the  whole  guide 
apparatus  and  wheel  by  one  or  more  concentric  partitions 
into  two  or  more  parts,  each  part  forming,  so  to  speak,  a 
separate  turbine.  As  less  power  is  required  these  parts 
can  be  shut  off  in  succession,  and  those  remaining  act 
each  as  a  complete  turbine,  the  efficiency  of  which  is  not 
affected  by  its  neighbours  being  put  out  of  action. 

In  radial  turbines  the  subdivision  for  purposes  of  regu- 
lation is  effected  by  partitions  at  right  angles  to  the  axis. 

For  large  powers  this  system  of  regulation  is  one  of  the 
best  in  use;  the  efficiency  is  only  slightly  reduced  by 
shutting  off  one  of  the  divisions.  In  the  case  of  a  double 
Jonval  turbine,  of  which  particulars  are  given  in  Meissner's 
work  on  Turbines  and  Water-wheels,  the  efficiency  was 
about  6  per  cent,  less  with  one  part  only  in  use  than  when 
the  whole  wheel  was  in  action. 

(VI.)  GoiTcct  system  of  regnlution.  The  only  mode  of 
regulating  a  reaction  turbine  which  is  theoretically  correct, 
is  by  reducing  the  areas  of  both  guide  and  wheel  passages 
simultaneously,  so  that  the  proportions  remain  the  same. 
This  is  not  practicable  in  any  way  for  axial  turbines, 
but  has  been  applied  in  exceptional  cases  to  radial-flow 
turbines. 

The  turbine  of  Messrs.  Nagel  and  Kamp  is  constructed 
on  this  principle.     The  wheel  (Fig.  88)  is  of  the  outward- 
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flow  (Fourneyron)  type,  the  water  being  supplied  to  the 
guide  apparatus  from  below  through  the  tube  B,  from 
which  it  enters  the  chamber  N.  The  vanes  of  the  guide- 
wheel  are  attached  to  a  movable  cover  b.^,  which  can  be 
raised  or  lowered,  while  their  lower  portions  are  guided 
vertically  by  slots  in  the  projection  or  flange  ii  which 
extends  round  the  whole  inner  circumference.  The  boss  y 
of  the  cover  b^  slides  upon  the  column  D,  The  wheel  £ 
itself  is  rigidly  connected  through  the  plate  or  arms  F  with 
the  shaft  G,  and  is  regulated  as  follows : — Within  the  upper 
and  lower  wheel-casings  r  and  r^,. there  is  placed  between 
each  pair  of  vanes  a  plate  a,  which  fills  the  space  between 
them,  but  fits  sufficiently  easily  to  slide  up  or  down  freely. 
All  these  plates  a  are  connected  at  the  inner  circumference 
to  a  ring  b  of  angle-iron,  and  at  the  outer  circumference  to 
a  circular  casing  c.  The  ring  6  is  suspended  by  rods  g 
from  the  top  of  c.  It  is  clear  that  when  c  is  raised  or 
lowered  the  plates  a  move  with  it  and  alter  the  depth  of 
the  wheel.  The  mechanism  is  so  arranged  that  c  and  7>2 
rise  or  fall  together,  and  the  width  of  the  wheel-buckets 
always  corresponds  with  that  of  the  guide  passages. 

The  raising  and  lowering  of  c  and  J^  are  effected  through 
the  lever  /  and  horizontal  shaft  n ;  to  the  latter  are  keyed 
levers  p  and  s  and  connecting-rods  r  and  D ;  of  these,  two 
levers  j:?  act  through  r  and  D  on  the  guide-casing  b^  and 
two  levers  s  through  connections  not  shown  in  the  illustra- 
tion, on  the  casing  c. 

The  method  of  regulation  described,  although  perfect  in 
principle,  appears  somewhat  too  expensive  and  complicated 
for  general  practical  use. 
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The  Distribution  of  Water  in  Turbines. 

Not  merely  the  effect  of  a  given  weight,  of  water  acting 
on  a  turbine  is  influenced  by  the  form  of  the  vanes,  but 
also  the  distribution  of  the  water  flowing  through  the 
guide  passages  and  buckets,  and  this  again  may  modify 
to  some  extent  the  efliciency,  so  that  to  ascertain  the 
connection  between  the  latter  and  the  construction  of 
the  vanes,  the  distribution  as  well  as  the  direction  and 
velocity  of  flow  of  the  water  must  be  taken  into  account. 

In  radial  inward-  or  outward-flow  wheels,  in  which  all 
the  water  enters  or  leaves  at  the  same  diameter,  and  the 
edges  of  the  vanes  are  parallel  with  each  other,  while  the 
angles  of  inflow  or  outflow  are  constant  for  the  whole 
width  of  the  vanes,  the  distribution  is  necessarily  uniform, 
on  the  assumption  that  the  velocity  of  flow  does  not  vary 
with  the  width,  but  in  a  parallel-flow  turbine  the  case 
is  different.  It  may  be  supposed  that  a  Jonval  wheel  is 
divided — by  imaginary  cylindrical  surfaces — into  a  large 
number  of  very  narrow  concentric  rings  of  equal  width, 
and  the  quantity  of  water  flowing  through  each  of  these 
with  a  given  construction  of  vanes  can  then  be  ascertained ; 
if  through  each  ring  the  same  quantity  of  water  passes 
in  a  given  time,  then  the  distribution  is  eqital  or  unifo7*riiy 
but  if  more  (or  less)  flows  through  the  outer  than  through 
the  inner  rings,  then  the  distribution  is  unequal.  Obviously, 
to  avoid  internal  friction,  the  distribution  should  be  similar 
in  all  parts  of  the  buckets  and  guide  passages. 

The  most  usual  form  of  vane  surface  both  for  guides 
and  buckets  is  the  Iielical,  and  the  distribution  of  water 
resulting  from  this  construction  will  therefore  be  first 
considered,  beginning  with  the  guide  passages.  With 
helical  vane  surfaces  the  angle  a  decreases  from  the  outer 
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to  the  Inner  diameter,  since  tlie  pitch  of  the  helices 
defining  the  aurfaoe  at  all  diameters  is  constant.  If  s  be 
the  clear  distance.  Fig.  89,  between  two  vanes  measured 
parallel  with  the  direction  of  rotation,  then  the  normal 
depth  JC,  or  clear  distance  measured  at  right  angles  to  the 
direction  of  flow,  ia  s  cos  a,  and  to  this  product  the  outflow 
area  of  any  of  the  narrow  concentric  rings  of  equal  width 
is  proportional.  The  value  of  s,  liowever,  is  proportional 
to  the  diameter  or  mean  radius  r  of  the  given  ring,  while 
cos  a  increases  as  the  radius  decreases;  the  effect  of  this 

Fi([.  89. 


is,  that  the  product  s  cos  a,  for  moderate  widths  of  the 
passages,  is  nearly  the  same  at  all  diameters,  and  therefore 
the  distribution  of  the  water  almost  equal. 

As  an  example  a  turbine  may  be  taken  in  which  the 
width  of  the  buckets  is  {  of  the  mean  diameter — a  rather 
large  proportion;  the  inner,  mean,  and  outer  radii  are 
then  iu  the  ratios  3:4:5. 

Assuming  the  angle  a  at  the  mean  diameter  to  be  70", 
those  at  the  inner  and  outer  diameters  respectively  will 
be  er  15'  and  74",  and 
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cos  64°  15'  =  0-4345 
cos  70°  =  0-3420 
cos  74°         =  0-2760 

The  distribution  is  then '  represented  at  the  three 
diameters  by 

3  X  0-4345  =  1-3035 

4  X  0-342    =  1-368 

5  X  0-276    =  1-380 

the  quantity  of  water  passing  through  the  wheel  at  the 
outside  being  very  slightly  greater  than  at  the  inside. 

If,  as  is  usual,  the  inflow  into  the  buckets  only  takes 
place  without  shock  at  the  mean  diameter,  then  owing  to 
the  shock  at  other  points  the  distribution  will  probably 
be  somewhat  disturbed,  in  a  manner  which  it  is  impossible 
to  accurately  determine;  but  it  is  reasonable  to  assume 
that  the  relative  velocity  of  inflow  c^  will  be  inversely 
proportional  to  the  normal  depth  of  the  inflow  orifices  at 
various  points,  and  with  a  constant  velocity  of  flow  c,  a 
little  consideration  shows  that  the  relative  velocity  of  out- 
flow Cg  must  remain  constant  also,  since  in  any  one  of  the 
nai^ow  concentric  rings  before  referred  to,  q  is  inversely 
proportional  to  Ai,  and  hence  Ai  c^  =  constant. 

If  this  is  not  the  case,  then  either  a  part  of  the  water 
entering  at  one  diameter  is  forced  radially  towards  another 
or  escapes  through  the  clearance  space  between  the  guides 
and  wheel. 

When  the  angle  a^  is  constructed  at  all  points  for 
entry  without  shock,  the  distribution  of  the  water  remains 
unchanged  on  leaving  the  guide  passages. 

It  is  of  course  evident  that  with  a  constant  value  of  Cg, 
and  with  the  angle  a^  very  nearly  the  same  as  a,  the  dis- 
tribution of  the  water  on  leaving  the  buckets  is  practically 
the  same  as  on  leaving  the  guides. 
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If,  instead  of  helical  vane  surfaces,  the  angles  a  and  a^ 
are  constant  for  the  whole  width  of  the  wheel,  then  the 
product  8  cos  a  (or  8^  cos  a^)  varies  proportionately  to  the 
radius,  and  the  quantity  of  water  flowing  through  a  given 
small  width  at  the  outer  circumference  is  greater  than  at 
the  inner;  the  distribution  increases  from  the  inside  to 
the  outside  in  the  ratio  of  the  diameters  (or  radii). 

With  the  turbine  of  the  dimensions  before  assumed, 
but  with  a  constant  angle  a,  the  distribution  of  the  water 
at  the  inner,  mean,  and  outer  diameters  respectively  would 
be  as  3  :  4  :  5. 

Fig.  90. 


o 


-<^? 


In  determining  the  loss  from  unutilized  energy  both 
the  residual  velocity  and  the  distribution  of  the  water 
must  be  taken  into  account.  In  any  of  the  narrow  rings 
into  which  the  wheel  is  supposed  to  be  divided,  the  total 
loss  from  unutilized  energy  is  proportional  to  the  square  of 
the  residual  velocity  u  and  the  quantity  of  water  q  passing 
through  that  ring,  that  is,  to  the  product  q  x  u^. 

If  for  every  point  of  the  width  this  product  be  deter- 
mined, or  a  value  proportional  to  it,  and  the  results  plotted 
as  ordinates  with  the  corresponding  radii  as  abscissaB,  a 
curve  is  obtained,  and  the  area  A  B  G  D  (Fig.    90),  of 
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which  it  forms  one  boundary,  represents  the  total  loss  2 
{q  u%  and  the  mean  ordinate  Y  the  average  value  of  u^^, 
or  average  loss  from  unutilized  energy  per  unit  of  weight. 

When  the  distribution  is  uniform  the  ordinates  of  the 
curve  are  simply  proportional  to  u^  at  each  point,  since  q 
is  constant 

Under  any  given  conditions  as  regards  the  vane  angles, 
it  is  easy  to  find  graphically  the  residual  velocity  at  any 
point,  and  by  multiplying  this  with  a  value  proportional 
to  the  distribution  at  the  same  point,  to  determine  the 
ordinates  for  the  curve  in  question.  It  will  be  found  con- 
venient to  take  the  quantity  of  water  passing  through  the 
wheel  at  the  mean  diameter  as  unity. 

For  a  helical  vane  surface  the  curve  representing  the 
unutilized  energy  has  the  form  shown  in  Fig.  90  by  the 
line  G  D,  0  E  being  the  mean  radius,  0  A  and  0  B 
respectively  the  inner  and  outer  radius. 

With  a  constant  angle  Cg,  and  consequent  distribution 
proportional  to  the  radius  at  any  point,  the  curve  of  un- 
utilized energy  is  shown  by  F  G.  The  distribution  of 
loss,  it  will  be  seen,  diflfers  very  much  in  the  two  cases 
considered,  but  in  each  the  total  loss  is  very  nearly  the 
same. 

The  distribution  of  loss  by  shock  over  the  width  of  a 
turbine  might  be  determined  by  a  method  analogous  to 
that  followed  in  the  case  of  the  unutilized  energy.  For 
uniform  distribution  the  loss  per  unit  of  weight  of  the 
fluid,  on  either  side  of  the  mean  circumference,  would  be 
theoretically  equal,  so  that  the  curve  representing  that 
loss  would  be  symmetrical  with  respect  to  a  vertical  line 
through  the  middle  of  the  width  of  a  bucket,  assuming 
that,  as  before,  the  abscissae  are  measured  parallel  with 
the  edge  of  a  vane  and  the  ordinates  perpendicular  to  it. 

In  the  absence  of  experimental  data  showing  \i\  >nW\> 
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way  and  to  what  extent  theory  and  facts  regarding  loss 
by  shock  differ,  it  would  be  unsafe  to  draw  any  definite 
conclusions  from  an  investigation  of  the  kind  indicated. 


Comparison  of  Aodal  loUh  Radial  Turbines, 

An  investigation  of  the  relative  merits  of  Axial  as  com- 
pared with  Radial  and  Mixed-flow  turbines  when  based  on 
theoretical  grounds  is  comparatively  easy,  but  any  attempt 
to  form  a  judgment  on  this  point  from  existing  experimental 
results  labours  under  disadvantages  similar  to  those  men- 
tioned in.  discussing  the  effect  of  different  proportions  on 
the  efficiency  of  turbines  of  the  same  class.  The  matter 
is  if  possible  rendered  more  difficult  by  the  fact  that  the 
manufacture  of  radial-flow  turbines — more  especially  with 
inward  flow — is  confined  almost  entirely  to  America,  where 
these  motors  are  generally  of  the  mixed-flow  type,  the 
water  entering  radially  and  leaving  axially. 

In  dealing  with  the  subject  from  a  theoretical  point  of 
view,  it  will  be  assumed  in  the  first  instance  that  the 
co-efficients  of  resistance  Ci  ai^tl  d  are  the  same  for  radial 
as  for  axial  turbines.  In  Table  No.  II.  will  be  found  the 
efficiencies  of  radial  wheels  for  different  ratios  between 
the  radii  of  inflow  and  outflow. 

.7* 

For  an  outward-flow  turbine  this  ratio  —  is  less,  for 
inward-flow  greater  than  unity. 

The  expression  _  -    -1  sm  a  sin  ag,  which  represents 

if         2     2 

the  work  done  on  the  wheel  per  unit  of  weight,  is  directly 
proportional  to  the  ratio  -i,  and  consequently  is  greater 

for  an  inward-flow  than  for  an  outward-flow  turbine.    This 
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is  explained  by  the  fact  that  as  a  particle  of  water  flows 
outwards  in  a  radial  wheel  the  successive  parts  of  the  vane 
surface  with  which  it  comes  in  contact  have  an  increasing 
speed,  and  the  deflection  of  the  stream  produced  by  any 
given  curvature  of  the  vane  becomes  less  the  greater  the 
distance  from  the  axis.  With  an  inward-flow  turbine  the 
reverse  of  this  is  the  case,  Tke  same  vane  curve — referred 
to  a  line  normal  to  the  direction  of  rotation — will  cause 
a  greater  absolute  deflection  of  the  stream  in  an  inward- 
flow  wheel  than  in  an  axial  wheel,  and  in  the  latter  again 
a  greater  deflection  than  in  an  outward-flow  turbine. 

At  different  distances  from  the  centre  the  speed  with 
which,  so  to  speak,  the  vane  is  getting  out  of  the  way  of 
the  water,  varies,  so  that  when  the  latter  approaches  the 
circumference  that  speed  increases,  and  the  obstruction  to 
a  straight  course  becomes  less ;  when  the  water  approaches 
the  centre,  the  opposite  occurs. 

Provided  the  losses  remain  constant,  the  greater  the  work 
done  per  unit  of  velocity  of  flow  the  higher  the  eflSciency  of 

a  turbine  must  be,  hence  for  the  same  vabtes  of--^a  and  a.^, 

the  efficiency  of  a  radial  inward-flow  wheel  is  greater  than 
that  of  an  axial  turbine,  and — apart  from  certain  consider- 
ations to  be  afterwards  discussed — increases  with  the  ratio 
of  the  outer  to  the  inner  radius,  or,  for  a  given  outside 
diameter,  as  the  inner  diameter  diminishes.  This  is  shown 

clearly  in  Table  No.  II. :  with  :^  =  2,  a^  =  70°,  and  a  =  75° ; 
for  ^  =  i  the  efficiency  is  0*796 ;  for  ^1  =  | ,  e  =  0705  ; 

for  ^  =  1,  e  =  0-722,  and  for  -^  =  §,  e  =  0-634. 

A  given  angle  of  outflow  a^  in  an  inward-flow  turbine 

is  equivalent  to  a  greater  angle  in  a  wheel  with  parallel 

o 
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or  outward-flow,  because  owing  to  the  decreasing  speed 
of  the  vane  towards  the  centre  a  greater  deflection  of  the 
stream  is  obtained. 

Mathematically  tlie  highest  efficiency  would  be  attained 
by  an  inward-flow  turbine  with  the  inner  radius  nil.  This 
of  course  is  a  practical  impossibility,  and  it  is  easy  to 
perceive  that  the  reduction  of  the  inner  diameter  must 
soon  reach  a  limit.  In  the  first  place,  after  leaving  the 
buckets  the  water  has  to  be  deflected  through  an  angle 
of  90°  degrees  in  order  that  it  can  flow  off"  into  the  suction- 
tube  or  tail-race,  and  if  this  is  too  abruptly  effected  a 
loss  of  energy  results  which  makes  itself  felt  by  retarding 
the  flow.  In  the  second  place — apart  from  the  above 
consideration — if  the  inner  radius  be  too  small,  the  con- 
verging streams  leaving  the  buckets  will  interfere  with 
each  other,  causing  a  disturbance  of  the  water  and  choking 
the  exit.      In  the   third   place,  for  a  constant  ividth   of 

the  buckets,  the  ratio  -r-  varies  as  that  of  the  outer  to 

the  inner  ra<]ius,  and  if  the  latter  is  reduced,  it  becomes 
necessary  to  increase  the  width  of  the  buckets  at  the  out- 
flow to  maintain   the   same   ratio  ~.     This  widening  of 

the  buckets  cannot  however  be  carried  to  any  great  length 
without  loss,  as  it  involves  a  change  in  the  direction  of 
flow  of  parts  of  the  stream  at  right  angles  to  its  general 
course.     On  the  other  hand,  if  this  be  not  done,  and  the 

ji   .  •  *  r 

ratio  -—  increased  in  proportion  to  — ,  then,  as  a  reference 

2  .        ^X      .    .   . 

to  Table  II.  will  show,  the  efficiency  is  diminished. 
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Difference  hetioeen  Perfoi^mance  of  Inward-  and 

Outward-flow  Turbines. 

A  radial  outwai-d-flow  turbine,  under  given  conditions, 
consumes  more  water  than  an  inward-flow  wheel  of  the 
same  proportions  and  with  the  same  angles  of  inflow  and 
outflow.  This  is  often  ascribed  to  the  action  of  centrifugal 
force,  which  in  the  one  case  is  supposed  to  accelerate  while 
in  the  other  it  retards  the  flow.  That  is  an  inaccurate 
way  of  explaining  the  phenomenon,  and  likely  to  lead  to 
misunderstanding.  The  true  explanation  is,  that  owing 
to  causes  already  stated,  less  w<yrlc  is  done  on  the  wheel  by  a 
given  weight  of  water  per  unit  of  velocity  in  the  outward- 
than  in  the  inward-flow  turbine,  and  consequently  the 
fluid  leaves  the  buckets  of  the  former  with  a  larger  pro- 
portion of  unutilized  energy  and  correspondingly  higher 
velocity.  Centrifugal  force,  so  called,  cannot  possibly  pro- 
duce any  acceleration  of  flow,  since  the  rotary  motion  of 
the  fluid  to  which  it  is  due  is  itself  the  result  of  the 
pressure  caused  by  the  head,  and  to  credit  the  centrifugal 
force  with  increasing  or  reducing  the  velocity  of  the  water 
is  to  confound  cause  with  effect. 


Mixed'flotv  Turbines  compared  with  Radial-flow 

Turbines, 

In  a  mixed-flow  turbine  the  two  objections  to  a  sniall 
inner  diameter,  previously  noticed,  are  to  some  extent 
removed  by  continuing  the  buckets  into  that  part  of  the 
wheel-casing  where  the  water  assumes  a  vertical  course; 
the  change  in  the  flow  from  a  horizontal  to  a  vertical 
direction  b  thus  made    during  the  passage  through  the 
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hcckets,  and  the  exit  of  the  water  near  the  centre  does  not 
necessitate  such  an  abrupt  alteration  of  its  course  as  when 
the  wheel  is  of  the  purely  radial  type.  Unfortunately 
these  apparent  advantages  of  the  mixed-flow  turbine  are 
to  a  great  extent  neutralized  by  accompanying  drawbacks ; 
the  chief  of  these  is,  that  for  a  small  mean  outflow-radius 
rg,  except  with  extremely  narrow  buckets,  the  variation  in 
the  speed  from  the  inner  to  the  outer  circumference  of  the 
points  at  which  the  water  leaves  the  wheel,  is  so  great  as 
cause  losses  which  cannot  be  materially  mitigated  by  any 
modifications  in  the  form  of  the  vanes.  The  cause  of  these 
losses  has  already  been  explained  in  connection  with  axial 
turbines,  but  in  the  case  of  mixed-flow  wheels  they  are 
more  serious,  owing  to  the  greater  ratio  of  the  width  of  the 
buckets  to  the  diameter  of  the  wheel.  Another  point  to 
be  noticed  as  bearing  upon  the  construction  of  inward- 
flow  or  mixed-flow  turbines  is,  that  where  the  difierence 
between  the  inner  and  outer  diameters  is  great,  the 
mean  angle  a^  cannot  be  made  as  large  as  when  the 
diameters  are  more  nearly  equal,  and  this  again  reduces 
the  efficiency. 

Taking  all  these  facts  into  account,  it  may  be  safely 
stated  that  there  can  be  no  advantage  in  mixed -flow 
turbines  as  generally  constructed  over  a  well-designed 
simple  inward  radial-flow  wheel,  with  a  moderate  ratio  of 
outer  to  inner  radius.  There  are  very  few  reliable  ex- 
perimental results  available  from  which  a  comparison  can 
be  made  between  the  various  classes  of  turbines,  and  these 
show  no  marked  difference  between  the  efficiency  of  radial 
inward-flow,  and  axial-  or  parallel-flow  wheels;  radial 
outward-flow  turbines  are  somewhat  inferior  to  the  latter. 
A  large  number  of  tests  have  been  carried  out  in  America, 
chiefly  with  mixed-flow  turbines,  but  although  useful  for 
comparing  these   among   themselves,  there  is  reason  to 
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believe  that  in  some  instances  the  co-efficients  used  for  the 
calculation  of  the  quantities  of  water  consumed  were  too 
small,  thus  giving  too  high  an  efficiency.  Many  of  the 
wheels  in  question  of  obviously  irrational  design  are 
reported  to  have  shown  an  efficiency  only  attained  by  very 
good  European  turbines. 

In  spite  of  this,  however,  a  test  carried  out  by  Mr. 
Francis,  a  well-known  American  engineer  and  careful 
experimenter,  with  a  "Humphrey"  mixed-flow  turbine, 
shows  that  an  efficiency  equal  to  that  of  the  best  Jonval 
turbines  may  be  obtained  by  a  motor  of  this  class,  although 
in  the  case  in  question  the  inner  diameter,  where  the 
water  leaves  the  wheel,  is  relatively  to  the  outer  diameter 
very  small  The  loss  due  to  the  deviation  from  the  best 
speed  towards  the  centre  is  up  to  a  certain  point  com- 
pensated by  the  advantage  arising  from  the  difference  in 
the  diameters. 

It  is  obvious  that,  as  in  the  case  of  radial  inward- 
flow  wheels,  to  maintain  a  given  ratio  of  A  to  A^y  the 
less  the  mean  outflow-radius  r^  the  greater  must  be  the 
width  of  the  buckets,  and  therefore  also  the  greater  the 
divergence  from  the  best  speed,  and  a  limit  must  soon 

be  reached  at  which    the  values   of  -^  and  a,  can  no 

longer  be  chosen,  but  are  restricted  within  a  very  narrow 
range. 

As  compared  with  axial  or  parallel-flow  turbines,  both 
inward-flow  radial  and  mixed-flow  wheels  have  a  dis- 
advantage in  the  fact  that  the  water  must  change  its 
direction  of  flow  twice — once  before  entering  the  wheel 
from  a  vertical  to  a  horizontal  course,  and  again  on  leaving 
from  the  horizontal  to  the  vertical. 

Against  this  may  be  set  the  greater  friction  on  the 
bearings  of  an  axial  turbine  due  to  the  vertical  reaction 
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and  pressure  on  the  vanes,  which  tends  to  force  the  shaft 
downwards.  In  a  mixed-flow  turbine  the  downward  re- 
action also  exists,  but  is  approximately  balanced  by  the 
upward  force  exerted  on  the  casing,  arising  from  the 
deflection  of  the  water  in  passing  through  the  buckets, 
from  a  horizontal  to  a  vertical  direction. 

As  far  as  experience  goes,  it  shows  that  advantages  and 
disadvantages  practically  compensate  each  other  in  the 
different  systems. 

It  seems  not  improbable  that  a  mixed-flow  turbine  with 
comparatively  narrow  buckets,  so  that  there  should  be  no 
great  variation  from  the  best  speed,  and  a  moderately  large 
ratio  of  outer  to  mean  inner  diameter,  might  give  results 
considerably  superior  to  those  obtained  with  a  parallel-flow 
turbine  of  otherwise  similar  proportions  (that  is,  with  the 

same  values  of  -^-^  ^^  ^  ^^^  ^^  ^'^ 

The  question  naturally  presents  itself  to  the  practical 
man :  Why  have  American  engineers  so  generally  adopted 
the  mixed-flow  tjrpe  of  turbine  if  there  is  no  great 
advantage  as  regards  efficiency  to  be  derived  from  so 
doing? 

The  explanation  would  appear  to  be  partly  given  in  the 
conditions  under  which  water-power  in  the  United  States 
is  generally  available,  namely,  in  the  form  of  large  rivers 
with  an  immense  volume  of  water.  Under  such  circum- 
stances the  power  at  the  disposal  of  the  engineer  or 
manufacturer  in  any  given  case  is  vastly  in  excess  of  his 
requirements,  and  economy  in  consumption  of  water  is 
not  so  much  an  object  as  low  first  cost  of  the  motor.  The 
aim  of  many  turbine  manufacturers  has  therefore  been, 
not  to  produce  an  economical  turbine,  but  one  which,  with 
a  given  outside  diameter,  will  do  the  largest  amount  of 

*  Vide  American  Turbines, 
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work  regardless  of  the  quantity  of  water  consumed  per 
horse-power. 

It  is  easy  to  ascertain  what  are  the  conditions  necessary 
to  obtain  this  result  The  work  done  by  a  turbine  can  be 
expressed  as — 

or  substituting  for  c  its  value  from  (via) 


W=  A\€h  /  2gh 


aVi      A      .  .  ,      J.      ,     /  A\^ 

2  -i    --r-  sin  a  8in  Oo  +   C  +  {  -r 
r,    A^  \A^, 


(Ca  +  COS  2oj). 

Under  given  conditions  the  total  work  done  is  directly 
proportional  to  the  velocity  of  flow  c.  Taking  r^  the  outer 
radius  (of  an  inward-flow  wheel)  and  A  the  area  of  the 
guide  passages  as  fixed,  it  is  clear  that  the  larger  A^  and 
the  gmcUler  sin  a  and  sin  02,  the  greater  will  be  the  value 
of  c.  On  the  other  hand,  as  may  be  seen  by  reference  to 
Table  II.,  the  efficiency  decreases  as  sin  a  and  sin  a^  are 
reduced,  and  beyond  a  certain  point  this  applies  also  to 
Ai^  The  dimimUion  of  the  efficiency,  however,  is  less  rapid 
than  the  increoM  of  the  velocity  of  flow,  so  that,  within 
certain  limits,  by  sacrificing  efficiency  the  total  work 
obtained  from  a  wheel  of  a  given  diameter  and  with  a 
given  area  of  the  guide  passages  may  be  increased.  The 
mixed-flow  type  of  turbine  appears  to  lend  itself  most 
readily  to  this  purpose,  more  particularly  to  enlarging  the 
area  of  exit  A^  without  increasing  the  outer  diameter  at 
any  part. 

The  preceding  remarks  are  not  intended  to  apply  to 
the  hest  American  wheels,  which  have  undoubtedly  been 
shown  by  experiment  to  have  a  distinct  advantage  as 


lU 
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regards  efficiency  over  the  best  Jonval  wheels.  This 
advantage,  however,  is  chiefly  due,  not  to  the  mixed  flow, 
but  to  the  fact  that  the  flow  is  radially  inward;  with 
similar  proportions  a  purely  radial-flow  wheel  would  pro- 
bably have  an  equally  high  efficiency. 


Y  On  the  Use  of  the  Suction- Tube  and  Boy  den 

Diffv^or. 

It  has  been  previously  demonstrated  that,  in  addition  to 
its  primary  function  of  enabling  the  turbine  to  be  placed 
at  any  convenient  height  above  the  tail- water  level,  a 
suction-tube  may  also  improve  the  efficiency  of  the  motor 
by  relatively  reducing  the  velocity  with  which  the  water 
finally  leaves  the  apparatus,  as  the  loss  from  unutilized 
energy  depends  on  this. 

Suppose,  in  the  first  instance,  a  given  wheel  is  used 
without  a  suction-tube ;  the  water  leaves  the  buckets  with 
a  certain  absolute  residual  velocity  w,  which  is  entirely 
lost.  If  now  a  suction-tube  be  added,  so  constructed  that 
from  the  moment  the  water  leaves  the  wheel  to  that  at 
which  it  finally  issues  from  the  tube  there  is  a  gradual 
enlargement  of  the  area  of  the  stream,  the  velocity  after 
leaving  tlie  buckets  will  be  gradually  reduced  from  uio  c^ 
in  the  inverse  ratio  of  the  sectional  areas.  The  velocity 
Uy  however,  after  the  suction-tube  has  been  added,  will 
not  be  the  same  as  before,  but  greater ;  the  gradual  en- 
largement incrca^s  the  velocity  of  Jlow  c,  and  improves  the 
efficiency  by  making  the  residual  velocity  less  in  pro- 
portion to  c  than  it  was  previously.  Of  course  the  increase 
in  the  velocity  of  flow  requires  a  correspondingly  greater 
leU  speed. 


c«  = 
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When  no  suction-tube  is  used 


2  --.   -1  sin  asin  a^  +  Ci  +  {C%  +  cos  *«2)  ( -r  ) 
when  a  suction-tube  is  used 

^ 2y^t    • 

where  A^  is  the  area  of  the  outlet  from  the  tube.  In  the 
latter  expression  f-^-  )  takes  the  place  of  (  — )  cos  ^a^, 
all  other  quantities  remaining  the  same;  if,  therefore, 
( "7  )     ^  '®^  ^^^^  (l  )  ^^  ^Ojjthen  the  velocity  of  flow 

will  be  increased  by  the  use  of  a  suction-tube. 

The  effect  on  the  efficiency  can  be  calculated  from  the 
formula 

2  -J     -^  sin  asm  a^ 

jAo      To 


2       '2 

€    = 


and  compared  with  tliat  obtained  without  a  suction-tube 
as  given  by 

2  —J    —  am  a  am  cu 
Ao   n 


2      '2 
€   = 


oAr..         .  ,    .    ,    ^  I  AY  ^  fAV      2 

2  _-    -^  sin  a  sin  a^  +  Q  +  C2\  T  I     +  (-a  )  cos  ^a^ 
A^  r,  \AJ         \AJ 


Expressed  in  terms  of  the  velocity  of  flow 


c*  2  —   —  sin  a  sin  aj 

A2    7*2 
€   =  


2gh 
from  which  it  is  clear  that  the  improvement  in  efficiency 
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will  be  exactly  proportional  to  the  square  of  the  increased 
velocity  c.  In  the  preceding  formula  for  the  efficiency 
with  suction-tube,  it  has  been  assumed  that  the  additional 
friction  and  resistance  caused  by  the  tube  is  negligible. 

As  an  example,  assume  —  =  1,  -^  =  1,  o  =  65°  and 

Oj  =  65°,  then  without  a  suction-tube 

€  =  0-765  ; 
with  a  suction-tube  having  an  outflow  area  four  times  as 

great  as  the  area  A  of  the  guide  passages,  so  that  ^  =  ^, 

the  efficiency  would  be 

€  =  0-809, 
an  improvement  of  4*4  per  cent. 

Where  the  relative  out-flow  angle  04  is  large,  say  75°  to 
80°,  there  is  not  much  to  be  gained  by  a  gradually  en- 
larged suction-tube  area,  as  the  absolute  velocity  of  the 
water  on  leaving  the  wheel  is  already  low.  The  action  of 
the  tube  is,  however,  better  when  thus  formed  than  when 
of  equal  sectional  area  throughout,  as  the  column  of  water 
in  it  is  less  liable  to  pulsations  arising  from  the  presence 
of  air,  which  causes  irregularities  in  the  running  of  the 
wheel.  If,  as  is  generally  the  case,  the  sectional  area  of 
the  suction-tube  immediately  below  the  wheel  is  much  in 
excess  of  that  of  the  stream  leaving  the  buckets  and  is 
the  same  as  the  outflow  area  A^,  there  is  theoretically  no 
gain  of  efficiency  secured  by  its  use.  For  a  parallel-flow 
turbine  a  form  of  suction-tube  similar  to  that  indicated  in 
Fig.  90A  would  probably  be  best. 

It  has  been  shown  that  the  less  the  angle  o^  the  smaller 
the  width  of  the  buckets  for  a  given  quantity  of  water, 
but  at  the  same  time  the  lower  the  efficiency.  It  may  in 
some  cases  be  convenient,  when  a  suction-tube  is  used,  to 
keep  down  the  size  of  the  wheel  in  the  manner  indicated^ 
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and  compensate  for  the  loss  of  efficiency  by  giving  appro- 
priate dimensions  to  the  tube. 

The  so-called  Boyden  diflfusor  is  an  arrangement  de- 
signed for  use  with  radial  outward-flow  wheels,  solely  to 
improve  their  efficiency  in  a  manner  similar  to  that  in 

Fig.  90A. 


Fig.  91. 


which  this  is  effected  by  an  enlarged  suction-tube.  It  has 
the  form  shown  in  Fig.  91,  and  consists  of  a  circular 
casing,  concentric  with  the  wheel,  having  the  cross- 
section  (through  the  axis), 
represented  at  A  B,  of 
a  bell-mouthed  shapa  It 
forms,  so  to  speak,  a  con- 
tinuation of  the  wheel- 
casing,  but  is  stationary; 
at  A  the  area  of  the  inner 
orifice  is  the  same  as  that  of  the  wheel  measured  over 
the  circumference,  while  at  B  it  is  greater.  The  effect  is 
exactly  similar  to  that  of  a  gradually  enlarged  suction- 
tabei  and  can  be  calculated  in  the  same  way ;  for  A^  the 
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area  at  B  through  which  the  water  leaves  the  diffusor 
must  be  substituted  in  the  formulas.  It  has  been  used  to 
a  considerable  extent  in  America  to  improve  the  efficiency 
of  Fourneyron  turbines;  a  corresponding  apparatus  might, 
where  necessary,  be  applied  to  Jonval  wheels  working 
without  suction-tube  in  the  tail-water,  consisting  of  a 
short  bell-mouthed  tube  below  the  wheel,  but  in  many 
cases  there  would  be  no  room  for  this  without  alterations 
to  the  tail-race.  For  a  well-designed  turbine  appliances 
of  this  kind  are,  generally  speaking,  unnecessary,  or  the 
improvement  effected  by  them  is  not  worth  the  increased 
first  cost,  but  experimental  results  have  proved  their 
efficacy  in  many  instances  where  the  residual  velocity  of 
the  water  leaving  the  wheel  was  too  high. 

In  designing  the  suction-tube  of  a  turbine  care  should 
Fig.  92.  always  be  taken  to  round  off  the 

comers  of  the  sluice-gate,  or, 
better  still,  curve  the  lower  end 
as  shown  in  Fig.  92;  sharp  cor- 
ners and  sudden  turns  much  in- 
crease the  hydraulic  resistance, 
and  reduce  the  efficiency. 

Another  point  of  great  practical 
importance  when  a  suction-tube 
is  employed,  is  the  provision  of 
an  air  escape-cock  at  the  upper 
end,  as  the  presence  of  air  inter- 
feres with  the  proper  action  of  the  tube ;  it  is  also  essential 
that  the  sluice  should  entirely  and  effectually  close  the 
outflow  orifice  when  required,  so  that  the  tube  before 
starting  may  be  gpiite  filled  with  water.  Owing  to  a 
neglect  of  these  precautions,  in  some  cases  suction-tubes 
have  given  unsatisfactory  results,  and  fallen  into  disrepute 
with  many  makers. 
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Loss  in  enlarged  Sucf ion- Tubes  and  Diffusors, 

It  has  been  thus  far  assumed  that  in  flowing  through 
a  gradually  enlarged  tube  or  diSusor  the  water  suffers  no 
loss  of  energy  other  than  that  due  to  the  friction  of  the 
walls ;  this  is,  however,  not  strictly  correct.  When  water 
flows  out  of  a  bell-mouthed  or  inverted  conical  tube,  under 
a  certain  head  measured  to  the  centre  of  the  orifice,  the 
velocity  of  flow  from  the  latter  is  theoretically  the  same 
whatever  may  be  the  form  of  the  tube  or  mouthpiece.  If 
the  area  of  the  outflow  orifice  is,  for  instance,  four  times  as 
great  as  that  of  the  smallest  part  of  the  tube,  the  velocity 
of  flow  through  this  latter  must — if  continuity  is  preserved 
— also  be  four  times  as  high  as  in  the  orifice. 

It  is  clear,  however,  that  there  must  be  an  absolute 
limit  to  the  velocity  of  flow,  since  this  depends  primarily 
on  differences  of  pressure,  and  with  a  given  head  attains 
its  maximum  when  the  pressure  at  the  corresponding 
point  is  nil,  that  is,  with  a  vacuum  in  the  smallest  section 
of  the  tube. 

If,  therefore,  the  ratio  between  the  area  of  the  orifice 
and  that  of  the  smallest  section  is  so  great  that  the 
maximum  possible  velocity  of  flow  would  be  exceeded  if 
continuity  were  maintained,  the  assumed  conditions  no 
longer  hold  good;  the  water,  instead  of  filling  out  the 
mouthpiece,  flows  through  it  as  an  independent  stream 
surrounded  by  dead  water,  and  the  case  is  practically 
similar  to  that  of  a  sudden  enlargement  of  the  area  of 
the  tube,  and  is  accompanied  by  a  corresponding  loss  of 
energy. 

This  is  an  extreme  instance,  but  it  has  been  found  by 
experiment,  that  unless  the  enlargement  of  the  tube  is 
very  gradual  and  the  velocity  of  flow  small,  a  very  con- 
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siderable  loss  results  from  the  decrease  of  the  latter,  and 
this  loss  may  become  as  great  as,  or  greater  than  that 
which  would  be  theoretically  due  to  a  sudden  change  from 
tlie  least  to  the  greatest  sectional  area  of  the  tube. 

The  eCFect  of  losses  of  energy  of  this  kind  on  the  action 
of  a  Boyden  diffusor  or  enlarged  suction-tube  is  to  reduce 
the  advantage  obtained  by  their  use. 

Francis  found  by  experiment  that  the  efficiency  of  a 
Fourneyron  turbine  was  increased  3  per  cent,  by  the 
addition  of  a  Boyden  diffusor,  theoretically  the  advantage 
should  have  been  4  per  cent. 

Venturi,  who  was  among  the  first  to  make  accurate 
observations  on  the  discharge  of  water  through  a  diverging 
tube,  found  that  with  an  angle  of  divergence  of  4°  27'  the 
velocity  through  the  smallest  section  was  increased  in  the 
ratio  of  2  to  1  as  compared  with  the  discharge  through 
the  same  orifice  when  no  tube  was  employed.  According 
to  theory  (Bernoulli's),  the  increase  should  have  been  in 
the  proportion  of  3'03  to  1,  showing  a  very  considerable 
loss  of  energy,  proportional  to  (303)^  —  (2)^  or  9'18  —  4, 
over  50  per  cent. 

Experiments  carried  out  by  Francis  on  the  same  subject 
demonstrated  that  the  greater  the  ratio  of  the  final  dis- 
charge orifice  to  the  smallest  section,  the  greater  the  loss. 
Fliegner*s  investigations,  subsequently  to  be  described, 
confirm  this  result,  and  also  prove  that  beyond  a  certain 
point  a  greater  head  (and  consequently  increased  velocity) 
is  accompanied  by  increased  loss. 

Francis  noted  that  the  losses  occurred  in  spite  of  the 
tubes  being  quite  full  and  the  theoretical  conditions  ap- 
parently complied  with.  The  fact  of  a  tube  being  full, 
however,  does  not  necessarily  indicate  true  continuity  of 
flow,  since,  as  will  be  explained  in  describing  Fliegner's 
experiments,  a  part  of  the  water  round  the  sides  of  the 
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tube  may  be  in  a  relatively  nearly  stationary  eddying 
condition,  the  true  form  of  the  discharging  jet  not  being 
defined  by  the  walls  of  the  tube. 

A  very  interesting  series  of  experiments,  made  by  Pro- 
fessor Fliegner  of  Ziirich,  on  the  outflow  of  water  through 
submerged  inverted  conical  mouthpieces,  shows  that  in 
every  case  investigated  by  him  a  loss  of  energy  took  place 
over  and  above  that  due  to  friction.  The  experiments 
were  carried  out  with  mouthpieces  of  various  proportions 
and  under  different  pressures.  The  results  proved  that 
with  increasing  pressure  (or  velocity)  the  loss  of  energy 

Fig.  93. 


^'^9 


5i'^>?»ffKr?5T<" 


decreased  up  to  a  certain  point  and  then  became  greater, 
so  that  there  appeared  to  be  in  every  instance  a  minimum 
resistance  at  some  particular  velocity  of  flow. 

Professor  Fliegner  is  of  opinion,  that  when  the  natural 
angle  of  the  conical  jet  of  water,  issuing  from  the  smallest 
section,  is  less  than  that  of  the  mouthpiece,  the  conditions 
of  continuity  of  flow  are  not  completely  fulfilled ;  the  jet 
follows,  so  to  speak,  an  independent  course,  its  surface  not 
being  in  contact  with  the  walls  of  the  mouthpiece,  ride 
Fig.  93.  The  effect  is  then  the  same  as  if  the  tube  were 
abruptly  enlarged  in  sectional  area,  and  the  loss  is  as  great 
or  even  greater.  • 

True  continuity  of  flow  is  only  possible  when  the  natural 
angle  of  the  fluid  jet  is  greater  than  that  of  the  mouth- 
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piece,  so  that  the  surface  of  the  former  comes  into  contact 
with  the  walls  of  the  latter. 

Between  the  assumed  theoretical  conditions  with  no  loss 
and  abrupt  change  of  flow,  various  proportions  of  loss 
occur,  but  in  no  case  does  the  proportion  appear  to  be  less 
than  l^th  of  the  theoretical  loss  due  to  a  sudden  change 
from  the  maximum  to  the  minimum  velocity  of  flow. 

If  A^  and  A^  denote  respectively  the  least  and  greatest 
sectional  areas  of  a  conically  divergent  or  bell-mouthed 
tube,  ^3  and  p^  the  corresponding  pressures,  and  c^  and  c^ 
the  velocities  of  flow,  then  when  there  is  no  loss — 


or  since  ^3  = 

"^3 


A. 


I A  \*  c  ^ 

tu; )  - 1^ = -?'*  -  p^ 

p^  the   pressure   in   the   orifice   is  generally  given,  ^4   is 
determined  by  the  effective  head  h — 

The  smallest  possible  value  of  'p^  is  0,  and  the  maximum 
possible  velocity  of  flow  c^  in  the  smallest  section  of  the 

tube  mux  c^  =  /^  2.g  (h  +  a) 

(where  a  =  33*91  feet,  the  column  of  water  corresponding 
to  atmospheric  pressure). 

Assume  for  example  h  =  30*09  feet,  then 

max  C3  =  8*025  j^  64  =  64  200  feet  per  second, 

and  r,  =  8025  yA30^d9  =  43973. 

In  this  case  the  greatest  ratio  of  A^  to  A^  with  which 
continuity  of  flow  is  theoretically  possible  is 

A^      inax  C3       64*20       ^  .^ 

'"'^^  J,  =   «/  =  43-97  =  ^'^^ ' 


■^.^(•▼.■•sc*! 
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with  a  smaller  value  of  h  it  would  be  greater ;  for  instauce, 

with  A  =  1, 

A 
Cj,  =  47*476  and  c^  =  8025,  whence  max  -i  =  5  916. 

When,  as  is  actually  the  case,  a  loss  of  energy  occurs  in 
the  conically  divergent  tube  or  mouthpiece,  the  hydro- 
dynamic  equation  takes  the  form 

where  C  represents  the  proportion  of  the  energy  lost  to 
that  due  to  the  velocity  c^,  the  total  loss  of  head  in  question 

being  C  1^- 

In  calculating  the  efficiency  of  a  turbine  using  an 
enlarged  suction-tube  or  Boyden  diffusor,  in  the  formula 
previously  employed,  it  would  be  necessary  to  introduce, 

instead  of  merely  the  ratio  \~t)  i  the  expression  (1  +  Ci) 


it)- 


Practical  Limits  for  Position  of  Wheel  in 

SuctioU'Tuhe. 

Theoretically  the  limit  of  height  11^  at  which  a  turbine 
may  be  placed  above  the  tail- water  level  in  the  suction- 
tube  is 

Feet.  « 2 

h^  =  33-91  -  ^*- 

where  c^  is  tlie  velocity  with  which  the  water  leaves  the 
tube. 


•2)0 
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As  i\  bears  some  proportion,  varying  generally  from 
J   to  ^,  to   the  theoretical  velocity  of  flow  ^7  2(/h,  the 

theoretically  admissible   height  of  suspension   or  suction 
^2  will  vary  with  the  head  h. 

In  practice,  however,  with  the  usual  cylindrical  suction- 
tube,  the  height  of  suspension  for  various  diameters  of  tube 
should  not  exceed  the  values  given  in  the  following  table, 
which  is  taken  from  Meissner's  work. 


Diameter  of 
Buctiou-tube. 

Feet 

13 
11-5 

9-8 
8-2 
6-5 
4-9 


Admissible  height 
of  suspension. 

Feet. 

9-84 
1115 
12-46 
13-77 
14-76 
19-68 


Diameter  of 
suction -tube. 

Feet. 

3-3 
2-3 
1-6 

0-98 
0-49 


Admissible  height 
of  sus{»ension. 

Feet 

26-24 
27-88 
27-88 
29-52 
3116 


w^ 


From  the  above  heights  the  value  of  „ 


must  be  de- 


ducted when  the  head  is  greater  than  33  feet.  If  the 
suction-tube,  instead  of  being  cylindrical,  is  graduaUy 
enlarged  towards  the  outflow  orifice,  as  previously  ex- 
plained, the  suction  height  A,  ^^y  ^^  greater  than  indi- 
cated in  the  table,  chiefly  because  with  that  form  the 
column  of  water  is  less  liable  to  pulsations  than  when  the 
tube  is  cylindrical. 


CHAPTER  VII. 

IMPULSE  TURBINES. 

£i»eiitial  principle  of  iuipuUe  turbines. — Ventilation  of  bucket.'^. 
— Cases  in  which  impulse  turbines  are  prefenible. — Advantaj^es.— 
Limits  witliin  which  hitherto  employed. — Theory  of  impulse  turbines. 
— General  equation. — Velocity  of  flow. — Useful  work. — Available 
energy. — Relative  velocities  of  flow. — Efficiency. — Axial  impulse 
turbines. — Full  admission. — Area  of  guide  passages. — Width. — 
Radius  of  wheel. — Determination  of  vane  angles. — Course  of  water 
through  buckets: — Increased  width  at  outflow.—  Factors  determining 
width  at  outflow. — Partial  admission. — Effect  of  increasing  width  of 
buckets. — On  the  form  of  vanes  for  impulse  turbines. — Relative 
angle  of  inflow  negative. — Correction  of  vane  angles  for  different 
diameters.— Correction  of  inflow  angle. — Correction  of  outflow  angle. 
— Extra  source  of  loss  with  partial  admission. — Absolute  path  of 
water. — Turbines  to  act  both  as  impulse  and  reaction  wheels. 

The  distinction  between  reaction  and  impulse  turbines  has 
already  been  more  than  once  referred  to.  The  essential 
point  in  connection  with  impulse  turbines  is  the  principle 
oifree  deviation,  that  is,  freedom  for  the  water  after  leaving 
the  guide  passages  to  follow  in  one  direction  its  own  course, 
and  during  its  transit  through  the  wheel  to  be  at  all  times 
under  atmospheric  pressure  only.  To  insure  this  result, 
the  buckets  of  an  impulse  turbine  should  never  be  filled 
by  the  water,  but  must  be  so  constructed  as  to  allow  free 
access  to  the  atmosphere.  To  attain  this  end  with  greater 
cariainty,  Qirard  introduced  the  ventilated  buckets  shown 
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in  Fig.  94 ;  with  tliese^  apertures  c  c  are  tniide  in  the  sides 
of  the  wheel  communicating  with  each  bucket  h  to  admit 
the  air,  ttie  apertures  being  so  placed  that  they  can  never 
be  obstructed  by  the  water. 

It  has  been  shown  that  to  act  to  the  best  advantage 
a  reaction  turbine  must  work  with  every  portion  full  of 
water,  and  consequently  the  dimensions  of  the  wheel  are 
to  a  great  extent  dependent  on  the  quantity  of  water  the 
motor  is  intended  to  utilize,  and  when  the  quantity  is  very 
small  the  area  of  the  guide  and  wheel  passages  assume 
inconveniently  or  even  impossibly  minute  dimensions,  and 
to  obtain  the  necessary  speed  at  the  circumference  a  very 
p.     g^  highnumber  of  revolutions 

per  minute  is  required.  An 
impulse  turbine  is  subject 
to  no  such  restrictions; 
the  water  may  be  admitted 
to  all  the  buckets  round 
circumference  of  the 
wheel  or  to  only  one  or 
two,  and  the  efficiency  is 
not  materially  affected  thereby.  The  dimensions  of  an 
impulse  turbine  may  therefore  bo  chosen  to  suit  practical 
convenience  within  very  wide  limits,  more  especially  as 
regards  the  diameter,  so  that  for  very  high  falls  and  small 
quantities  of  water  comparatively  large  wheels  running  at 
a  moderate  number  of  revolutions  can  be  employed.  As 
for  a  given  fa!!  the  quantity  of  water  does  not  influence 
the  efficiency,  impulse  turbines  can  be  regulated  to  any 
desired  extent  by  closing  the  guide  passages. 

Owing  to  these  advantages,  Girard  turbines,  as  impulse 
wheels  are  now  very  generally  called,  have  to  a  great 
extent  superseded  reaction  turbines  on  the  continent  of 
Europe,  where,  in  a  large  proportion  of  cases  in  which 
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water  power  is  available,  the  qxtantity  is  variable,  and  a 
motor  is  required  which  will  better  adapt  itself  to  change- 
able conditions  than  the  reaction  turbine. 

Girard  turbines  are  now  to  be  found  of  almost  all 
possible  varieties,  axial,  inward-flow,  outward-flow,  with 
vertical,  horizontal,  and  inclined  axes,  and  utilizing  falls 
ranging  from  4  to  1,800  feet,  and  quantities  of  water  from 
140  to  0*04  cubic  feet  per  second. 


Tlie  Theory  of  Impulse  Turbines. 

The  fundamental  diSerence  between  the  theory  of 
reaction  and  impulse  turbines  lies  in  the  fact  that  the 
condition  of  continuity  of  flow  in  all  parts  does  not  apply 
to  the  latter,  and  therefore  there  is  not  a  constant  ratio 
between  the  velocities  of  flow  in  any  two  parts  of  a  given 
impulse  turbine. 

The  general  equation  (1)  applies — as  previously  stated — 
equally  to  reaction  and  impulse  turbines : 

Available  energy  =  useful  work  +  work  lost  on  friction, 
&c.,  +  energy  remaining  in  water  due  to  residual  velocity, 
but  owing  to  the  fundamental  difference  above  mentioned, 
it  leads  when  applied  in  detail  to  different  results  in  the 
two  cases. 

Velocity  of  Flow. 

The  velocity  of  flow  of  the  water  from  the  guide  passages 
is  for  impulse  turbines  always  that  due  to  the  head  less 
the  equivalent  of  losses  arising  from  friction  and  other 
hydraulic  resistances;  these  latter  in  any  given  case  are 
a  fixed  quantity,  and  hence  the  velocity  of  flow 
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where  JT  is  a  constant  co-eflScient  for  any  particular  con- 
ditions. Hence  for  a  certain  fall  the  velocity  of  flow 
remains  the  same  whatever  the  speed  of  the  wheel  may 
be,  and  is  independent  of  the  angles  of  the  wheel  vanes 
or  the  area  of  the  passages  between  them. 

The  head  h^  to  be  used  in  calculating  c  is  of  course  the 
eflfective  head  measured  from  the  orifices  of  the  guide  pas- 
sages, which  is  always  somewhat  less  than  the  total  head, 
as  the  impulse  wheel  is  placed  above  the  water.  As  the 
water  issues  from  the  guides  and  leaves  the  wheel  at 
atmospheric  pressure,  the  available  energy  on  entering  the 
wheel  is  represented  by  the  velocity  of  flow  c,  and  is  all 
in  the  hiiietic  fornix  while  in  a  reaction  turbine,  in  most 
instances,  a  considerable  part  of  the  energy  available  before 
the  water  enters  the  wheel  buckets  exists  in  the  potential 
form  as  pressure ;  hence  for  an  impulse  wheel 

(I)  ^^  =  2:/ 

and 

(II)    2gli,  =  (1  +  Q  c\  whence  E^  =  h,  -  Ci  g^     (la) 

where  Ci  is  a  co-efficient  giving  the  proportion  of  energy 
lost  by  friction,  &o.,  before  the  water  leaves  the  guide 
passages. 

Between  K  and  fi  the  following  relation  exists — 

^   -1  +  C. 

The  independence  of  c  of  the  proportions  of  the  motoi-s 
very  much  simplifies  the  theory  of  impulse  as  compared 
with  reaction  wheels. 

In  calculating  c  of  course  all  the  si)ecial  circumstances 
of  the  case  must  be  taken  into  account  in  estimating  the 
losses   which   reduce   the   effective    head    for    producing 


_^   -  '-i^.r  '^r- 
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velocity.     If,  for   instance — as  very  frequently   happens 
with  high  falls  and  small  quanti-  Fi^.  95. 

ties  of  water — the  water  has  to  bo  " 

conveyed  through  a  long  pipe  from  ~ 
the  collecting  tank  or  reservoir  to 
the  wheel,  vide  Fig.  95,  the  loss 
from  friction  in  this  pipe  must 
be  estimated  by  the  well-known 
formula.  If,  again,  the  fluid  passes 
through  a  bend  on  its  way  to  the 
wheel,  the  resulting  loss  should  be 
calculated.  Where  the  fall  is  low 
or  moderate,  so  that  the  water 
flows  directly  from  a  large  tank  or 
reservoir  into  the  guide  buckets, 
the  only  appreciable  loss  is  that 
occurring  in  the  guide  passages,  to 
which  the  co-efiicient  Ci  is  applic- 
able. As  a  result  of  long  experience  for  properly  fonued 
guide  vanes,  the  value  of  Ci  is  found  to  range  from  0*234 
to  0-018,  or 


Vb 


c  =  0-9  to  O'do,r2(ih^. 


Usieful   Work. 

The  work  done  on  the  vanes  of  an  impulse  turbine  is 
expressed  in  precisely  the  same  manner,  and  is  due  to 
the  same  causes,  as  in  the  case  of  a  reaction  turbine ;  the 
formula  applicable  is — 


(8) 


W  =  M  [w2  (c.2  sin  a.,  —  ?/'jj)  +  ?/»,  c  sin  a] 


^,^^ 
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for  radial  turbines,  which  for  axial  turbines  becomes 
W  =^  M  [?/;  {c^  sin  a^--  w  +  c  sin  a)]. 

When  the  entrance  of  the  water  takes  place  without 
impact,  it  has  been  proved  that 

W  =  vj  (c^  »in  02  —  Cj  sin  a^)  M 
for  axial  (or  parallel-flow)  turbines,  and 
(8a)      W  =  (w2  ^2  sin  a^  —  w^  c^  sin  a^  +  u\^  —  w^^)  M 

for  radial  turbines. 

In  equation  (8)  the  quantity  c  can  be  calculated  at  once 
when  the  effective  head  is  given,  but  c^  the  relative  velocity 
of  outflow  cannot  be  directly  determined  from  the  propor- 
tions of  the  motor,  and  so  long  as  the  entry  of  the  water  is 
accompanied  by  shock  it  is  not  possible  to  ascertain  it  with 
any  accuracy.  For  constructive  purposes,  however,  the 
water  must  be  assumed  to  enter  wUhmit  shock,  and  in  that 
case  the  formula  (8a)  can  be  applied  for  the  useful  work 
done. 

The  available   energy  of  the   water  on   entering   the 

wheel  is 

c^ 
E,„  =  2^  (per  unit  of  weight), 

during  its  passage  through  a  parallel-flow  wheel  with 
vertical  axis  or  a  radial  wheel  with  horizontal  axis,  as 
shown  in  Figs.  96  and  97,  a  further  accession  of  energy 
takes  place,  due  to  the  fall  h^  corresponding  to  the  depth  of 
the  buckets,  which  results  in  an  acceleration  of  the  relative 
velocity  of  the  water  during  its  passage  through  the 
wheel ;  the  total  available  energy  for  the  latter  is  therefore 

This  is  expended  in  doing  useful  work,  overcoming 
frictional  resistance  in  the  buckets,  and  producing  the 
residual    absolute    velocity   of    outflow   w,   or — otherwise 


IMPULSE  TURBINES. 


217 


expressed — the  useful  work  done  is  equal  to  the  available 
energy  E^  less  the  loss  from  friction  (and  other  hydraulic 
resistances)  and  the  energy  due  to  the  residual  velocity  or 
unutilized  energy. 

The  loss  in  the  buckets  may  be  expressed  by 


and  hence 

(III) 


c^ 


u^ 


From  this  equation  it  is  possible,  by  substituting  the  detail 
values  of  the  various  quantities,  to  ascertain  the  relation 


Fig.  96. 


Fig.  97. 


between  c^  the  relative  velocity  of  outflow  and  other  known 
values.  It  may  be  noted  that  the  method  is  exactly 
similar  in  principle  to  that  employed  to  calculate  the 
velocity  of  flow  in  the  case  of  reaction  turbines,  only  the 
quantity  now  required  is  not  the  absolute  velocity  of  flow 
c,  but  the  relative  velocity  Co.  As  will  be  subsequently 
explained,  the  determination  of  the  latter  is  of  importance 
for  the  design  of  impulse  wheels. 

When  the  water  enters  the  buckets  without  shock 
O^y  (^)k  {9%.     <'^  =  c^  +  w^  —  2  Ci  n\  sin  aj, 
and       ' 


n 


2   —   ^2 


r./  +  ?r./  —  2  Cj  7^2  ^^  ^2' 
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If,  for  the  present,  it  be  assumed  that  //„  =  0  (as,  for 
iDstance,  with  a  radial  wheel  with  vertical  axis),  then 

K  =  2^  =  2^  (^'i'  +  '^^'i'  -  2  Ci  m;i  sin  a,). 


Relative   Velocities  of  Flow. 

By  substituting  in  (III)  the  values  above  given,  and 
simplifying  and  transposing  the  equation,  the  following 
relation  between  the  relative  velocities  c^  and  c^  and  the 
velocities  of  rotation  w^  and  %V2  is  arrived  at — 

(IV)  (1  +  Q  c,'  -  c,2  =  w,^  -  w,\ 

The  same  result  can  be  arrived  at  by  making  p^  =  p^  in 
formula  (iii),  p.  127,  for  reaction  turbines,  that  is,  when 
the  assumption  is  made  that  the  pressure  in  the  buckets 
is  constant.  In  this  equation  every  quantity  except  Cj  is 
known.  The  relative  velocity  with  which  the  water  enters 
the  buckets  can  be  ascertained  graphically  in  the  now 
familiar  way,  or  algebraically,  precisely  in  the  same  manner 
as  for  a  reaction  turbine,  on  the  assumption  that  the  fluid 
enters  without  shock. 

W2  and  u\  the  speeds  at  the  circumferences  are  given  in 
any  particular  case. 

Neglecting,  for  the  moment,  the  friction  in  the  buckets, 
equation  (IV)  becomes 

For  an  aodal  turbvie  v^2  =  '^i>  ^^d  consequently  C2  =  q, 
that  is,  the  relative  velocity  of  flow  remains  constant  during 
the  passage  of  the  water  through  the  buckets. 

This  result  it  was  easy  to  foresee  without  the  use  of 
mathematics.  In  an  axial  wheel  every  part  of  a  vane 
curve  moves  with  the  same  speed,  and  as,  after  entering 
the  bucket,  no  accelerating  or  retarding  force  (apart  from 
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friction  and  the  depth  of  the  wheel  h^)  acts  on  the  water, 
the  relative  velocity  must  necessarily  remain  the  same 
throughout. 

The  cBFect  of  a  varying  speed  of  the  vane  on  the  relative 
velocity  is  not  so  easy  to  follow,  but  it  will  be  clear  on 
consideration  that  in  this  case  the  relative  velocity  must 
change  as  the  fluid  traverses  a  vane  and  approaches  or 
recedes  from  the  centre,  as  the  case  may  be.  This  change 
is  not  the  result  of  an  accelerating  or  retarding  force  acting 
on  the  water,  but  merely  of  the  fact  that  the  latter  passes 
over  portions  of  the  wheel  moving  with  increasing  or 
decreasing  velocity  in  which  the  fluid  does  not  participate. 

The  following  extreme  case  will  best  illustrate  this. 
Assume  that  the  relative  motion  of  the  water  in  a  radial 
outward-flow  wheel  is  such  that  Fig.  98. 

the  absolute  path  is  a  radial 
straight  line  A  B,  Fig.  98,  and 
the  absolute  velocity — under 
these  conditions  constant — re- 
presented by  A  C.  In  this  case 
no  work  is  done,  and  the 
velocity  with  which  the  water 
leaves  the  wheel  is  the  same 
as  that  with  which  it  enters. 
The  relative  velocity  of  entrance 
Ci  is  found  by  the  well-known 
parallelogram  A  E  C  C\,  in 
which  A  E  =  Wi  the  velocity 
of  the  circumference  where  the 
water  enters,  and  A  Ci  =  c^. 

Similarly  the  relative  velo- 
city of  outflow  Cg  is  given  by 
B  D^  in  the  parallelogram  B  F  D  D^,  in  which  B  F  =  vh 
the  velocity  of  the  circumference  where  the  water  leaves 
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the  wheel.  It  is  obvious  that  in  this  instance  B  D^  is 
greater  than  A  Ci,  since  B  F  is  greater  than  A  E,  that  is, 
an  increase  in  the  relative  velocity  lias  taken  place. 

From  equation  (IV)  it  may  be  seen  that  when  w^  is 
greater  than  w^,  that  is,  for  an  outward-flow  wheel,  the 
relative  velocity  is  increased  during  the  passage  of  the 
water  through  the  buckets;  on  the  other  hand,  for  an 
inward-flow  wheel,  where  w^  is  less  than  w^,  the  relative 
velocity  is  reduced. 

When  in  traversing  the  vanes  the  water  has  an  additional 
fall  Ao  (as  before  explained),  the  relative  velocity  is  in- 
creased by  the  amount  duo  to  this  height  reduced  to  some 
extent  by  friction.  The  complete  formula  for  calculating 
C2  under  these  conditions  is — 

(I Va)  ci  =  {€,'  +  wi  -  w,'  +  2gK)  ^\  ^^ 

It  must  be  noted,  that  in  the  case  of  a  radial  wheel  with 
horizontal  axis,  h^  is  not  necessarily  equal  to  the  full  depth 
of  the  buckets,  but  is  the  vertical  distance  through  which 
the  water  falls  from  the  moment  it  enters  to  that  at  which 
it  leaves  the  wheel. 

This  will  be  clear  from  Fig.  99,  in  which  A  B  represents 


Fig.  99. 


the  absolute  path  of  the  water  in 
traversing  an  outward-flow  radial 
wheel ;  the  point  B  at  which  the 
water  leaves  the  vanes  is  con- 
siderably above  the  lowest  point 
C.  It  is  easy,  however,  to  avoid 
this  by  placing  the  inlet  so  that 
the  outflow  takes  place  at  the 
lowest  point,  for  instance  at  ^„ 
Ai  G  being  the  absolute  path. 
This  constniction  is  generally  only  adopted  where  the 
quantity  of  water  is  so  small  that  it  can  all  be  admitted 
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through  two  or  three  guide  passages  at  the  lowest  part  of 
the  turbine. 

For  a  parallel-flow  turbine,  where  tv^  =  w^,  equation 
(IV)  becomes  simply 

(IV6)  c/  =  (c,»  +  2  A)  1  +  f; 

Efficiency,  /  ^ 

The  hydraulic  efficiency  of  an  impulse  turbine  is  ex- 
pressed in  the  first  instance  in  precisely  the  same  way  as 
that  of  a  reaction  wheel.  The  useful  work  done  is  by  (8), 
p.  58: 

W  =  M  [w^  (c^  8171  a^  —  tv.^  +  Wi  c  sin  a]  ; 
the  total  available  energy 

B  =  Mgh, 
whence  the  efficiency 

JV  _  W2  (cj  sin  a.^  —  w^)  +  u\  c  sin  a 
'^   E^  gh  > 

or  smce  \t\  =  —  w^, 

u\  {c.^  sin  Cj  ^  iv^  +  c  -  sin  a) 

(V)         ..  _ ^—7-  ■ 

On  the  assumption  that  the  velocities  c^  and  c  are 
constant — ^independent  of  the  velocity  of  rotation — the 
best  speed  is  the  same  as  for  a  reaction  wheel — 

V 

^m   =   ^  (^2  ^^^  ^2  +  ~  ^  ^^^^  ^)- 

^2 

Here  again,  however,  the  formula  is  incorrect,  although 
somewhat  nearer  the  truth  than  in  the  former  case,  as  at 
any  rate  c  is  constant. 

The  relative  velocity  of  outflow  c^  varies  with  the  speed 
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as  a  result  of  tbe  impact  or  shock  which  occurs  at  all 
speeds  except  the  best,  and  it  is  impossible  in  geueral  to 
calculate  it  with  any  certainty. 

Assuming,  as  previously,  entry  without  shock  and 
radial  or  axial  outflow,  there  follows  for  the  efficiency 

w^c  -  si)i  a      c  c.2~~  sm  a  sin  cu 

"        gk        "        gh  "  gh 

If,  instead  of  comparing  the  work  done  with  the  whole 

available   energy^  it  is   compared   only   with   the    energy 

available  for  the  wheel,  represented  by  the  velocity  of  flow 

c,  and  the  efficiency  thus  measured  be  denoted  by  €i,  then 

,_-_,.                               vji  c  sin  a     2  lOi  sin  a 
(VII)  ei ^   =  -    -—  . 

13y  (A)  and  (B) — for  entrance  without  shock — 

Wi  ___  sin  (a  —  a,) 

c  cos  Qi 

and  this  substituted  in  (VII)  gives 
.yjyjv  _  2  sin  a  sin  (a  —  aj) 

^  *  cos  Qi  * 

As  the  losses  incurred  previous  to  the  water  entering 
the  wheel  are  entirely  independent  of  what  takes  place 
afterwards,  the  expression  fj  really  represents  the  efficiency 
of  the  wheel  as  distinguished  from  that  of  the  supply-pipe 
or  channel  and  guide  apparatus.  From  this  it  will  be 
seen  that  the  maximum  efficiency  can  be  expressed  entirely 
in  terms  of  the  two  angles  a  and  a^,  provided  always  that 
the  conditions  of  entry  without  shock  and  radial  exit  are 
fulfilled.  The  equations  (VII)  and  (VIII)  apply  only 
when  after  entering  the  wheel  the  water  is  subject  to  no 
further  fall  h^  during  its  passage  through  the  buckets. 
Denoting  by  Ag  ^ig*  100,  the  mean  height  of  suspension  of 
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Fig.  100. 


a  radial  wheel  with  vertical  axis,  or  the  height  of  the  lower 
edge  of  the  vanes  of  an  axial  wheel  above  the  tail-water 
level,  then  the  losses  incurred  which  are  independent  of 
the  proportions  of  the  wheel  are  (1)  those  due  to  friction 
and  other  hydraulic  resistances  in  the  supply-pipe  and 
guide  apparatus,  already  considered,  and  (2)  the  loss  arising 
from  the  unutilized  portion 
of  the  head  h^  necessitated 
by  the  condition  that  the 
turbine  must  run  free  of 
the  water.  In  the  latter, 
particular  reaction  turbines 
have  an  advantage,  as  owing 
to  their  working  drowned 
the  whole  head  is  utilized. 
The  first  loss  is  expressed 

by 


(IX)     i,  =  f.  - 


c» 


i 


2</' 


x/-  =  ho. 


the  second  by 
(X) 

For  an  axial  wheel  with  vertical  axis  or  a  radial  outward- 
flow  wheel  with  horizontal  axis  of  the  kind  previously 
referred  to  on  page  216 — 

A  -  Aj  =  Aj  +  h^ ; 
by  (II)  the  available  energy  on  entering  the  wheel 

■&»  =  A,  -  c.  ^, 

and  to  this  must  be  added  h^  the  fall  in  the  buckets; 
bence  the  total  energy  available  for  the  wheel, 

(XI)     £,'  =  h,  +  K-C^l=h-K-C^  ^. 


224 


HYDRAULIC  MOTORS. 


and  tlie  efficiency  of  the  apparatus  apart  from  the  wheel 


(XII) 

or  where  h^  =  0, 


«2    = 


^    -    *2    -     fl  O"  , 

~h 


(? 


u  — 


h 


The  product  of  Ci  and  Cj  equals  the  total  efficiency  t — 
(XI il)  €i  c,  =  e. 

In  dealing  with  the  design  of  impulse  turbines  the  same 
assumptions  are  made  with  respect  to  the  maximum 
efficiency  of  the  wheel  as  for  reaction  turbines,  namely^ 
that  the  highest  efficiency  will  result  from  a  combination 
of  inflow  without  impact  and  radial  outflow.  In  order  that 
these  conditions  may  be  complied  with,  certain  relations 
must  exist  between  the  speed  of  the  wheel,  velocity  of 
flow,  and  angles  of  the  vanes. 

The  formulas  for  impulse  turbines  have  already  been 
stated  in  the  simplified  form  resulting  from  the  assump- 
tions in  quastion,  and  can  be  applied  directly  to  the  calcu- 
lation of  the  dimensions. 

It  will  be  convenient  to  consider  first  the  conditions 
governing  the  design  of  parallel-flow  or  axial  impulse 
wheels,  and  subsequently  how  these  are  modified  in  the 
case  of  a  radial  turbine. 


Axial  Impulse  Turbines. 

In  the  first  instance  it  will  be  assumed,  that  the  turbine 
the  dimensions  of  which  are  required  is  to  be  so  arranged 
that  the  water  enters  over  the  whole  circumference. 
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The  guide  passages  of  an  impulse  turbine  are  in  all 
respects  like  those  of  a  reaction  turbine,  and  must  of  course 
be  entirely  filled  with  water,  but  as  soon  as  the  streams 
issuing  from  the  guide  passages  enter  the  wheel-buckets 
there  should  be  an  excess  of  sectional  area  in  the  latter, 
so  that  from  the  very  commencement  of  its  course  in 
the  wheel  the  water  may  be  freely  accessible  to  the 
atmosphere. 

Since  the  guide  passages  are  quite  full,  their  sectional 
area  A,  where  the  water  leaves  them,  is  determined  as 
soon  as  the  quantity  of  water  Q  and  velocity  of  flow  c  are 
known. 

The  velocity  of  flow  can  be  calculated  from  formula  (II) 
when  the  various  resistances  are  known,  and  these  can  be 
determined  with  suflScient  accuracy  from  the  dimensions 
of  the  conducting  pipes  and  guide  apparatus  with  the  help 
of  the  various  empirical  co-efficients  applicable  to  each  case. 

The  orifices  of  the  guide  passages  are  obstructed  by  the 
edges  of  the  wheel-vanes  moving  in  front  of  them,  and  to 
compensate  for  this  the  area  of  the  passages,  as  obtaiued 
by  dividing  the  quantity  of  water  Q  by  the  velocity  c,  must 
be  increased  by  multiplying  with  a  certain  experimental 
co-efficient,  or  (what  comes  to  the  same  thing  and  is  the 
usual  practice)  using  a  value  of  c  smaller  than  the  true  one 
to  calculate  A.  If,  after  deducting  all  losses  previous  to 
entering  the  guide  passages,  ff  represents  the  effective 
head,  the  actual  velocity  of  flow  for  well-made  guide  vanes 
will  be 

to  determine  the  area  A,  however,  a  value  of  c  represented 

by  c^  =  0-85^2^ 

must  be   employed,  equivalent  to  multiplying  the   true 

value  by  0'894,  so  that 

Q 
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A  = 


_     e      _      <2 


0894  r.       0-85 


(^) 


\rWHr 

Retaining  the  same  notation  as  for  reaction  turbines 

^  =  (2  n  r  C(?s  a  -  0  /)  c,  ifi) 

and  from  this,  when  a,  r,  z  and  ^  have  been  fixed  upon,  e 
the  width  of  the  guide  passages  can  be  determined. 

r,  Zy  and  t  are,  as  before,  empirically  chosen  quantities, 
for  which  the  usual  rules  will  be  subsequently  given;  a 
the  angle  at  which  the  water  leaves  the  guide  passages 
must  be  chosen,  and  it  is  easy  to  see  from  formula  (VIII) 
that  the  efficiency  increases  with  the  angle  a.  In  practice 
a  ranges  from  60°  to  70'^. 

Transposing  the  above  equation  for  A, 


e  = 


2  n  r  cos  a  —  z  f 


and  the  leading  proportions  of  the  guide  apparatus  are 
settled. 

The  dimension  e  should  in  practice  not  exceed  a  certain 
proportion   of  the   radius  r,  and  this  proportion  ranges 

from  — -  to  -. ;  for  the  sake  of  brevity  the  xatio  —  may 

be  denoted  by  y.    Neglecting  the  influence  of  the  thick- 
ness of  the  vanes,  the  area  A  may  be  expressed  by 

A  =  e  2  7*11  cos  a, 

or  introducing  the  ratio  y, 

A  =  2  y  7^  U  cos  a, 

from  which  r  may  be  calculated  by 


,.=   /■ 


yj    2yncosa  (^ 

It  is  in  some  circumstances   preferable  to  assfivm^  the 
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value  of  y,  and  determine  the  wean  radius  r  by  the  above 
formula,  instead  of  from  the  empirical  rule  elsewhere 
given ;  r  being  known,  e  follows  approximately  from 

but  should  be  calculated  accurately  as  before. 

Where  the  graphical  method  can  be  applied,  it  is 
exactly  the  same  as  for  reaction  turbines ;  the  deno- 
minator in  formula  (IX)  is  simply  the  sum  of  all  the  clear 
distances  x  between  the  guide-vanes  at  the  outflow,  of 
course  measured  at  right  angles  to  the  direction  of  flow, 

and  e  =-^-.  (E) 

w      tJLt 

The  next  step  is  to  determine  the  proportions  of  the 
wheel  itself,  and  the  first  value  required  is  that  of  the 
relative  angle  of  inflow  a^. 

Upon  that  angle  depends  the  relative  velocity  c^  with 
which  the  water  enters  the  wheel;  this  determines  the 
speed  of  rotation  w  and  the  relative  velocity  of  outflow  c.^ 
(by  formula  TSfh)  ;  the  latter,  again,  bears  a  definite  relation 
to  the  speed,  owing  to  the  condition  that  the  water  must 
leave  the  buckets  parallel  with  the  axis.  By  a  combina- 
tion of  the  various  formulas  expressing  these  relations,  the 
foUowing  approximate  connection  between  the  angles  a 
and  a^  is  arrived  at 

aj  =  2  a  -  90° ;    (oi  negative).  {G) 

Qeometrically  interpreted,  this  means  that  the  absolute 
direction  in  which  the  water  enters  bisects  the  angle 
formed  by  the  relative  direction  of  inflow  with  the  direc- 
tion of  rotation. 

In  Fig.  101  let  0  5  be  the  absolute  direction  of  inflow 
forming  the  angle  a  ==  B  0  F  with  a  vertical  0  Y;  OA 
the  relative  direction  of  inflow  forming  the  angle  ai  =  AOY 
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with  0  Y\  then  0  B  should  bisect  the  angle  A  0  C,  bo 
that  ^AOB  =  ^BOC;  then  A  0  =  A  B  or  c^  =  w. 
As  above   intimated,  this  rule   is  based   only   on   an 


Fig.  101. 


approximation,  and  when,  as 
is  sometimes  the  case,  the 
depth  of  the  wheel  h^  forms 
a  considerable  portion  of 
the  total  fall,  it  is  not  suffi- 
ciently accurate  as  a  basis 
for  the  subsequent  calculation 
of  c^    The  better  plan  under 

any  circumstances  is  to  temporarily  fix  a^  as  given  by  the 

approximate  rule  in  question,  then  by  the  graphical  method 

determine  c^  and  simultaneously  w. 

The  relative  velocity  of  outflow  can  next  be  calculated 

by  (IV6) 


C2'  =  (^1*  +  2A) 


1  +  C2' 


in  which  h^  the  depth  of  the  wheel  must  be  empirically 
chosen  and  subsequently  corrected  if  necessary ;  it  may  be 
taken  as 


r  .      r 
h   =  -  to  -— - 


w 


r  having  been  already  determined. 

The  co-efficient  fg  ranges  from  0'05  to  01. 

When  C2  is  known  the  angle  a^  is  easily  constructed,  or 
determined  by  the  relation 

w 
sin  Oj  =  — . 


The  construction  is  shown  in  Fig.  102.     OB  =  w;  from  0, 
with  0  -4  =  Cg  as  radius,  describe  an  arc  A  C,  and  at  B 
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draw  B  A  at  right  angles  to  0  B^  intersecting  the  arc  in 
A  ;  join  0  and  A,  then  OAB  is  the  required  angle  aj. 

It  is  desirable  that  Oj  should  be  as  great  as  practicable, 
in  order  to  reduce  the  absolute  velocity  of  outflow,  and  if 


Fig.  102. 


by  the  above  construction 
G4  should  turn  out  too  small, 
the  assumed  value  of  a^  can 
be  modified — reduced — so 
as  to  increase  the  speed  of 
the  wheel,  and  this  will 
have  the  desired  effect  on 

If  oa  is  made  greater 
without  altering  a^  the 
result  will  be  that  the  absolute  direction  of  outflow  is 
no  longer  parallel  with  the  axis ;  provided  the  deviation 
is  not  very  considerable,  this  is  not  of  any  practical 
importance  as  long  as  the  velocity  of  outflow  is  sufficiently 
low. 

It  may  also  happen  that  the  value  of  a^  obtained  is  too 
great — in  practice  as  a  rule  it  does  not  exceed  72° — and 
then  a  modification  in  the  opposite  sense  to  that  previously 
considered  is  necessary. 

Before  all  the  points  involved  in  finally  determining  the 
angle  a,  can  be  thoroughly  appreciated,  it  is  essential  to 
follow  more  closely  the  course  of  the  water  in  the  wheel- 
buckets.  To  insure  free  deviation  and  avoid  the  possibility 
of  the  water  coming  into  contact  with  the  convex  surface 
of  the  vane  next  to  that  which  it  is  traversing,  no  bucket 
should  be  filled  beyond  a  certain  proportion  of  its  depth, 
about  0-7  to  1-0  of  the  latter  at  the  inlet,  and  05  to  0*75 
at  the  outlet.  Assuming,  in  the  first  instance,  that  the 
width  of  a  bucket  is  constant  throughout,  the  depth  of  the 
stream  passing  through  it  must  vary  inversely  as  the  rela- 


230 


HYDRAULIC  MOTOBS. 


Fig.  103. 


Fig.    104. 


live  velocity  of  flow ;  if  the  latter  remaiDS  unchanged,  so 

will  the  depth.  In  fact, 
a  slight  increase  in  the 
relative  velocity  takes 
place  as  the  water  tra- 
verses a  parallel-flow 
wheel,  and  therefore  un- 
der the  assumed  condi- 
tions the  depth  will  some- 
what decrease  towards  the 
outflow.  As  ai  is  less  than 
Oj  it  is  very  obvious  that 
the  depth  of  the  passage 
between  the  vanes  is  considerably  greater  at  the  inlet  AB^ 
Fig.   103,   than   at   the   outlet   C  i^ ;  it   may,   therefore, 

easily  happen,  that  although 
there  is  sufficient  clearance 
between  the  stream  and  the 
convex  vane-surface  where  the 
water  enters,  the  outlet  area  of 
the  bucket  is  much  too  small, 
and  the  wheel  becomes  choked 
and  cannot  work  as  it  is  intended.  This  is  illustrated  in 
Fig.  104.  The  greater  the  angle  Oj  the  smaller  will  be  the 
outflow  area,  and  a  little  consideration  shows  that  for  a 
certain  depth  of  stream  the  inclination  of  the  vanes  is 
restricted  within  certain  limits.  To  extend  these  limits 
the  depth  of  the  stream  must  be  reduced,  and  the  only 
means  for  eff'ecting  this  is  to  widen  the  buckets  towards 
the  lower  (outflow)  end.  This  allows  the  water  to  spread 
out,  and  the  same  sectional  area  is  obtained  with  less 
depth  by  increased  width.  Girard  turbines  are  now 
almost  always  constructed  in  this  manner. 

When  as  has  been  fixed  on,  it  is  therefore  essential  to 
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Fig.  105. 


make  the  width  of  the  buckets,  c,  =  YX,  Fig.  105,  at  the 

outflow  end  sufficiently  great  to  allow 

a    certain    proportion    of   clearance 

between  the  water  and  the  convex 

surface  of  the  adjacent  vane.     If  5, 

Fig.  106,  denote  the  depth  of  the 

stream  in  each  bucket  where  it  leaves 

the  wheel,  then  the  sectional  area  of 

the  stream  is  e,  x  62 ;  this  multiplied 

by  the  relative  velocity  of  flow  c^  must  equal  the  quantity 

of  water  flowing  through  each  bucket,  and  if  z^  denotes 

the  total  number  of  buckets,  then  the  total  quantity  of 

water  per  second  Q  =  c^^i  ^i  c^,  and  from  this 


Q 


*'»       8,  Zi  Cj 


(J) 


The  depth  of  the  stream  b^  must  bear  a  certain  ratio 
x^  to  the  depth  d^  of  the  passage  between  the  buckets  at 
the  corresponding  point,  so  that 

^2  =  X.2  d^.  {K) 

Substituting  this  in  {J)  there  follows — 


^2   = 


Q 


vcq  a^  ^1 


'2  ^2  *l  ^2 


(/>) 


dj  can  be  measured  from  a  drawing  when  the  pitch  of 
the  vanes  is  known,  but  to  determine  this  the  number  of 
vanes  z^  must  be  first  settled.  As  regards  the  relative 
number  of  vanes  in  the  guide  apparatus  and  wheel  two 
different  views  may  be  adopted,  both  of  which  when  put 
into  practice  appear  to  give  good  results. 

According  to  one  of  these,  the  number  of  guide-vanes 
should  be  greater  than  the  number  of  wheel-vanes,  since 
only  a  certain  proportion  x  of  the  inflow  area  is  to  be  filled 
by  the  water,  and,  to  ensure  this,  the  outflow  area  of  the 
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guides  must  be  leas  than  the  correspoDding  relative  inflow 
area  of  the  buckets ;  this  is  illuatrated  in  Fig.  107. 

According  to  the  other  view  of  the  subject,  the  pitch  of 
the  guide-vanes  may  be  greater  than  that  of  the  wheel- 
vanes.  The  buckets  are  then,  in  certain  relative  positioas 
of  the  guide  and  wheel,  filled  at  the  inflow,  but  owing  to 
the  widening  of  the  wheel  casing  are  only  partially  filled 
at  other  parts.  It  is  aesnmed  in  this  case,  that  the  actual 
outflow  area  from  the  guide  passages  is  reduced  by  the 
edges  of  the  wheel-vanes  passing  before  the  orifices,  and 
that  consequently  no  more  water  can  leave  the  guide 
passages  than  the  wheel  is  capable  of  passing.     Besides 


Pig.  106. 


Fig.  107. 


this,  a  certain  clearance  is  always  allowed  in  the  width  of 
the  buckets  which  gives  additional  area 

If  the  view  first  stated  is  adopted,  the  number  of  guide- 
vanes  s  is  purely  empirical,  but  the  number  of  wheel-vanea 
2,  must  be  so  determined  that  only  the  desired  proportion 
X,  of  the  buckets  at  the  inflow  is  filled 

It  is  easy  to  arrange  this  by  trial  graphically,  and  when 
s,  has  been  thus  fixed,  its  value  can  be  substituted  in 
formula  (Z)  and  Pj  calculated 

The  width  e,  of  the  wheel-buckets  at  the  inlet  is  nearly 
the  same  as  that  e  of  the  guide  passages,  there  being  a 
slight  addition  for  clearance;  the  width  at  any  point  is 
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inversely  proportional  to  the  velocity  of  flow,  the  cosine  of 
the  vane  angle  and  the  proportion  of  the  sectional  area  of 
the  bucket  filled,^  hence 

61      x^  Cg  COS  a^  ^     ^ 

By  substituting  in  this  expression  the  values  of  c^  and 

c,  resultiug  from  the  conditions  of  inflow  without  shock 

and  vertical  outflow  respectively,  and  making  use  of  the 

relations  arising  from  the  equation  {G) 

2  a  -  aj  =  90°, 
the  ratio  of  the  widths  of  the  buckets  can  be  written  as 

follows — 

c        x 

~  =  —  sin  2  a  tang  a, ;  (N) 


and  if  ;z:i  be  made  the  same  as  X2, 

-  =  sin  2  a  tang  a^. 

From  this  formula  the  eflfect  of  the  angles  a  and  a.^  on 
the  proportions  of  the  widths  of  the  wheel-buckets  can  be 
easily  calculated ;  the  following  are  the  results  for  a  few 
values — 

a   =  30°,  50°,  70°,  70°. 

02  =  70°,  70^  70°,  60°. 

-   =  2-38,  2-65,  1-75,  I'lO. 
61 

If  X2  is  less  than  x^,  these  ratios  for  the  same  angles 

are  greater  in  the  inverse  proportion. 

The  accurate  formula  for  the  value  of  -^  is 

e-i  ~  a?2  ^2  L2  r  n  cos  a^  —  .^1  t^j 
where  ti  and  ^2  are  the  thicknesses  of  the  wheel  vanes  at 
inflow  and  outflow. 

*  When  the  influence  of  the  thickness  of  the  vanes  is  neglected. 
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In  practice  —  ranges  from  2  to  3. 

If  the  radius  r  as  determined  by  the  preceding  method 
turns  out  impractically  small,  the  idea  of  admitting  the 
water  over  the  whole  circumference  of  the  wheel  must  be 
abandoned  and  partial  admission  resorted  to. 

In  this  case  the  radius  has  no  necessary  relation  what- 
ever to  the  other  parts  of  the  wheel,  but  is  purely  empiric. 

It  may  sometimes  occur  that  the  number  of  revolutions 
of  the  wheel  is  prescribed,  and  in  that  case  r  must  be 
calculated  from  the  relation 

n  r  71 


tv  = 


30 


where   n  is  the  number  of  revolutions  to  be  made  per 
minute;  thence 

S0  2V 


r  = 


n  n 


Let  the  proportion  to  the  whole  circumference  of  that 

portion  over  which  the  water  is 
admitted  be  denoted  by  <^,  Fig. 
108,  then  the  total  sectional  area 
of  the  stream 

A  =  {<l>  2  U  r  cosa  -  z  t)  e,  (P) 
where  z  denotes  the  number  of 
guide  2^ct^sa.ffcs  and  t  the  thickness 
of  the  vanes. 

The  ratio  y  of  c  to  r  must  be 
assumed — it  ranges  from  0*1  to 
02 — and  then  since  r  is  known  c 
follows. 

From  the  above  equation  for  A 
the  proportion  of  the  circumference 
<f>  over  which  water  is  admitted  can 
be   ascertained;    in    the    first   in- 
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stance,  neglecting  the  quantity  z  t, 

^  = ^_.. 

^      2  U  r  e  cos  a^ 


(.Q) 


then,  choosing  an  appropriate   pitch   P,  the   number  of 
passages  z  can  be  calculated  from 

zP  =  <l>2Ur, 
<f)  2  n  r 


z  = 


and  a  corrected  value  of  4>  determined  by  again  using 
formula  (P)  in  its  complete  form,  whence 

A  +  z  t  e 


*  = 


(S) 


c  2  n  r  cos  a 

It  is  not  necessary  to  make  use  of  trigonometrical 
quantities  when  the  guide  passages  can  be  drawn  out ; 
the  quantity  2  FT  r  cos  a  is  simply  the  aggregate  depth 
of  all  the  guide  passages,  including  thickness  of  vanes 
{A  By  Fig.  107,  being  the  depth  of  one  passage),  and  this 
can  be  measured  direct  from  the  drawing. 

A  considerable  margin  should  always  be  allowed,  over 
and  above  the  area  A  absolutely  necessary,  in  turbines 
with  partial  admission,  as  they  are  always  regulated,  and 
the  size  of  the  wheel  is  not  increased  thereby. 


/ 


Summary  of  Foi^xulas  for  Girard  Turbines.         '^-' 


(^) 

c  =  0-95  ^'2gH. 

w 

A          -    ^- 
0-85^2^]5r- 

V 

(0) 

A  =  e  {2U  r  cos  a  —  z  f). 

{D) 

A 
2  n  r  cos  a  —  z  V 

{E) 

A 

c  =  —  . 

Z  X 
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/       ^  1  ^ 

(F)  r=     /a — H ,  where  v=—. 

^    ^  \/2y  U  cos  a*  ^      r 

(jS)  aj  =  2  a  —  1)0''  ((34  negative). 

r       r 
{H)  K  =  i  to 


{J) 


4  ""  5-5' 

'2  ^1  ^2 


(AT)  §2    =   ^2  ^2« 

Q 


(Z)  <•,  = 


*vj|  CCj  «wj   C2 


/  «n      A  •      *  I    *«      a;,  Cj  cos  o, 

(Jl/)     Approximately  "  =  ^  ^^  ^^  „; 

(iV^     Approximately  -  =  —  «i7i  2  a  ^aw^  Oj,. 

^2     •  a^  Ci  2  r  n  cog  g^  -  z,  f, 
(0)     Accurately        ^^  =  ^^^  2  r  n  cos  a,  -  .,  V 


Fd^  Partial  Admission. 

(P)  ^  =  (</)  2  n  r  cos  a  -  c  /5)  c. 

A 
(Q)     Approximately  </>=  g-YH-T^^- 


(i?) 

</)  2  nr 

(S)    Accurately 

-4  +  2  <  c 

c  2  n  r  cos  a* 

Effect  ofhicrea^ing  Width  of  Buckets  on  the  Per- 
formance of  Axial  Impulse  Turhines, 

By  giving  the  buckets  of  a  Girard  wheel  a  greater 
width  where  the  outflow  takes  place,  it  is  possible  to 
make    the  angle   a,  greater  than   would   otherwise    be 
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practicable,  and  thus  increase  the  efficiency  by  reducing 
the  absolute  residual  velocity.  At  the  same  time,  how- 
ever, the  deviations  from  the  best  speed  at  the  outer  and 
inner  circumference  also  increase,  and  the  question 
naturally  occurs  whether  the  advantages  obtained  in  one 
direction  are  not  neutraUzed  by  the  drawbacks  in  another. 
This  is  easily  tested  graphically,  and  it  will  be  found  that 
under  ordinary  circumstances  there  is  a  decided  net  gain 
in  efficiency.  Strictly  viewed,  the  water  on  either  side  of 
the  mean  circumference  has  a  radial  component  of  motion, 
and  in  consequence  diuring  its  passage  over  the  vane  comes 
into  contact  with  successive  portions  of  the  latter  moving 
at  different  speeds,  so  that  to  some  extent  the  same  action 
takes  place  as  in  a  radial  turbine.  On  one  side  of  the 
mean  circumference  this  action  is  that  of  an  inward-flow, 
on  the  other  that  of  an  outward-flow  wheel ;  the  relative 
velocity  of  outflow  Cg  will  consequently  be  retarded  and 
accelerated  respectively,  and  the  residual  velocity  corre- 
spondingly modified.  The  phenomena  are,  however,  so 
complicated  that  it  is  not  possible  to  follow  them  with 
any  certainty,  especially  as  only  the  outer  parts  of  the 
stream  are  rigidly  constrained  in  a  radial  sense. 

It  is  for  practical  purposes  sufficiently  accurate  to  take 
the  relative  velocity  of  outflow  as  unaffected  by  its  radial 
tendency  when  measured  in  projection  on  a  plane  parallel 
with  the  axis  and  with  the  direction  of  rotation  at  the 
point  in  question. 


On  the  Form  of  Vanes  for  Impulse  Turbines. 

Similar  remarks  to  those  made  with  regard  to  reaction 
wheels  apply  in  this  case,  except  that,  so  long  as  there  is 
aufficient  room  for  free  deviation,  the  question  of  the 
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sectional  area  of  the  passages  does  not  assume  quite  the 
same  form.  The  most  essential  point  is,  that  there  shall 
be  no  possibility  of  the  buckets  becoming  choked,  especially 
towards  the  outlet  where  there  is  the  greatest  risk  of  this 
occurring.  Impulse  turbines  have  in  some  instances 
proved  failures  owing  to  defective  design  in  this  respect. 

The  angle  a^  in  impulse  wheels  is  nearly  always  nega- 
live;  this  is  due  to  the  high  velocity  with  which  the 
water  leaves  the  guide  passages  compared  with  reaction 
turbines  as  usually  constructed.  If  a^  were  positive  or 
O*,  it  would  generally  be  impossible  to  reconcile  the  two 
fundamental  conditions  of  inflow  without  shock  and  out- 
flow parallel  with  the  axis ;  for  the  latter  it  is  essential 
that  the  relative  velocity  of  outflow  Cj  should  be  nearly 
equal  to  (rather  greater  than)  the  speed  of  the  wheel  u\ 
but  with  a  positive  value  of  ai,  w  would  be  much  greater 
than  the  relative  velocity  of  inflow  c„  which  is  not  very 
difierent  from  c^. 

The  vane  curves  of  impulse  turbines — like  those  of 
reaction  wheels — are  best  drawn  by  trial.  Those  for  the 
guide  passages  are  essentially  the  same  as  in  reaction 
turbines,  while  the  curves  of  the  wheel-vanes  have 
generally  a  form  similar  to  that  shown  in  Fig.  109.     The 

lower  (outflow)  end  of 
the  curves  should  be 
straight  for  some  por- 
tion AB  of  their  length, 
so  that  adjacent  vane 
surfaces  may  run  parallel 
for  a  certain  distance 
A  C  U>  insure  the  water 
leaving  at  the  desired 
angle. 
A  simple  method  of  construction  is  to  make  the  uppc  r 
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part  of  the  vane  curve,  0  A,  an  arc  of  a  circle.  Very 
great  care  should  be  taken  in  designing  the  vanes,  and 
the  section  should  be  drawn  out  not  only  at  the  mean  but 
also  at  the  inner  and  outer  circumferences. 

In  modem  wheels  the  angle  a  of  the  guide-vanes  is 
the  same  for  the  whole  width  of  the  passages,  and  simi- 
larly the  relative  angle  of  outflow  a^  is  constant  at  all 
diameters.  The  surface  of  the  vanes  is  therefore  not 
helical;  the  form  given  to  them  in  order  to  counteract 
centrifugal  action  is  elsewhere  described,  but  whether 
this  is  adopted  or  not,  both  a  and  a^  can  be  made  constant. 


Collection  of  Vane  A7iglesfor  different 

Diameters. 

To  partially  neutralize  the  evils  resulting  from  the 
deviation  from  the  best  speed  at  the  outer  and  inner 
circumference  of  axial  impulse  turbines  a  method  of  con- 
struction similar  to  that  used  in  the  case  of  reaction 
wheels  may  be  adopted. 

The  absolute  velocity  of  outflow  from  the  guide  passages 

Fig.  110. 


a,  I 


'%_• 


-10 


Y    C    A      B 


is  here  also  to  be  taken  as  constant  for  the  whole  width, 
and  from  the  speeds  at  the  outer  and  inner  circumferences 
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the  appropriate  values  of  04  the  relative  direction  of  inflow, 
can  be  constructed  as  shown  in  Fig.  110,  where  D  A, 
D  B,  and  D  G  represent  the  speeds  at  the  mean,  inner, 
and  outer  diameters  respectively,  and  0  A,  0  B,  and  0  0 
the  corresponding  relative  velocities  of  inflow.  So  far 
the  process  is  exactly  the  same  as  for  reaction  turbines, 

but  owing  to  free  deviation 
being  possible,  subsequent- 
ly differs.     As  the  relative 
velocity  of  inflow  c^  varies 
for  different  diameters,  so 
also    must     the     relative 
velocity  of  outflow  rg,  which 
— neglecting   the  effects  of  friction — is  greater  than  the 
former  by  an  amount  due  to  the  fall  h^  through  the  wheel. 
The  greatest  and  least  values  of  Cj  correspond  to  the 
greatest  and  least  values  of  Ci,  and  therefore  the  maximum 
relative  velocity  of  outflow  takes  place  at  the  inner  and 
the  minimum  at  the  outer  diameter.     The  angle  a^  being 
constant  for  the  whole  width  of  the  buckets,  it  is  easy  to 
find  the  absolute  velocity  of  outflow  u  at  the  inner,  mean, 
and  outer  circumferences,  as  illustrated  by  the  diagram 
Fig.  Ill ;  in  the  latter  0  A,  0  By  and  0  C  represent  the 
speeds  at  the  mean,  inner,  and  outer  diameters  respectively, 
0  Dy  0  E,  and  0  Fy  the  corresponding  relative  velocities 
of  outflow,  all  having  the  same  direction,  and  consequently 
A  Dy  A  Ey  and  A  F  the  absolute  residual  velocities. 

It  is  evident  that  the  directions  of  the  latter  cannot 
all  be  parallel  to  the  axis,  but  by  the  construction  shown 
they  are  made  to  diverge  approximately  to  an  equal  extent 
on  either  side  from  the  desired  course,  so  that  the  mean 
direction  is  parallel  with  the  axis. 

When,  as  in  the  ordinary  type  of  wheel,  the  edges  of  the 
wheel-vanes  are  radial,  it  is  clear  that  the  length  of  the 
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curve  traversed  by  the  water  at  the  outer  circuiuference 
is  ffreatcr  than  the  correapondiDg  length  at  the  inner 
circumference ;  on  the  other  hand,  it  haa  been  shown  that 
the  relative  velocity  of  inflow  c,  is  less  for  the  outer  than 
for  the  inner  diameter.  The  longer  curve  is  therefore 
passed  over  with  the  lower  velocity,  and  as  a  consequence 
particles  entering  simultaneously  at  different  points  in 
the  width  of  a  bucket  do  not  leave  together,  aud  there  is 
a  relative  movement  between  the  various  parts  of  the 
stream  flowii^  over  a  vane  which  causes  inteiiial  friction 
and  loss  of  energy. 

Fig.  112. 


The  correction  of  a,  is  unnecessary  wheu  the  width  of 
the  buckets  does  not  csceed  ^  to  ^V  of  the  mean  diameter. 
In  any  given  case  it  is  easy  to  ascertain  by  graphic 
methods  the  extent  of  the  deviations  at  the  inner  and 
outer  diameters  from  the  assumed  conditions,  and  if  those 
appear  considerable  introduce  the  requisite  modificatians. 

In  impulse  turbines  with  partial  admission  only,  a  loss 
of  energy  occurs  in  the  wheel-buckets  owing  to  the  fact 
that  a  portion  of  the  stream  on  entering  a  bucket  does 
not  come  into  contact  with  the  upper  end  of  the  vane,  but 
impinges  on  the  latter  much  lower  down,  the  result  being 
a  sudden  instead  of  a  gradual  change  of  direction,  and 
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consequent  shock.  This  will  be  best  understood  by  refer- 
ence to  Fig.  112.  It  is  obvious  that  the  greater  the 
pitch  of  the  vanes  the  lower  down  will  the  impact  take 
place,  and  the  more  obtuse  will  be  the  angle  between  the 
stream  and  the  vane.  If  the  distance  between  the  vanes 
exceeds  a  certain  dimension  a  portion  of  the  stream  will 
pass  right  through  the  bucket  without  touching  the  vane. 
Even  in  wheels  where  the  water  is  admitted  over  the 
whole  circumference  something  similar  may  occur  if  the 
pitch  is  too  great,  since  only  those  portions  of  the  stream 
near  to  the  vane  will  be  eflfectively  guided  by  the  latter, 
while  those  further  removed  will  be  to  a  certain  extent 
free,  and  cause  a  disturbance  in  the  flow. 

To  avoid  the  evils  just  referred  to,  the  pitch  of  the 
vanes  of  impulse  turbines  should  be  small,  especially  in 
those  with  partial  admission. 


Absolute  Path  of  Water. 

The  method  of  determining  the  absolute  path  of  the 
water  in  impulse  turbines  is  exactly  similar  to  that  de- 
scribed for  reaction  wheels.  The  relative  velocity  of  the 
fluid  as  it  passes  through  the  buckets  increases  in  parallel 
and  outward-flow  wheels,  but  under  ordinary  conditions 
for  the  former,  it  is  often  suflSiciently  accurate  to  assume 
it  as  constant  in  constructing  the  curve  of  the  absolute 
path. 

Turbines  to  act  both  as  Impulse  and  Reaction  Wheels. 

Circumstances  often  occur  in  which  a  variation  in  the 
quantity  of  water  available  for  producing  power  is  ac- 
companied by  a  considerable  alteration  in  the  tail-water 
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level.  In  order  for  the  turbine  to  run  clear  of  the  water 
at  all  times,  it  would  under  these  conditions  be  necessary 
to  place  it  at  a  greater  height  above  the  lowest  level 
than  would  be  requisite  if  no  alteration  took  place,  the 
result  being  a  loss  of  otherwise  available  fall  at  the  very 
time  when  the  best  possible  utilization  of  the  power  is 
most  essential,  since  the  tail-race  level  is  lowest  in  dry 
seasons,  when  the  available  quantity  of  water  is  small. 
During  floods,  the  increase  in  the  quantity  is  generally 
proportionately  greater  than  the  loss  of  head  from  the 
rise  of  the  lower  level,  so  that  there  is  a  surplus  of  power 
which  renders  a  high  efficiency  less  essential  than  in  the 
former  case. 

In  these  instances,  to  avoid  the  loss  of  head  in  question, 
a  turbine  may  be  so  designed  that  in  times  of  flood  it  can 
work  partially  drowned,  the  outflow  taking  place  under 
water.  It  then  works  as  a  reaction  wheel,  since  all  the 
passages  are  full  of  water,  but  the  proportions  must  be 
such  that  there  is  no  excess  of  pressure  over  that  of  the 
atmosphere  at  the  guide  passage  orifices,  and  conse- 
quently the  velocity  of  flow  from  the  latter  is  that  due  to 
the  whole  head,  and  as  nearly  as  possible  the  same  as 
when  free  deviation  takes  place.  This  can  be  accomplished 
by  choosing  a  suitable  ratio  between  the  area  of  the 
guide  passages  and  the  area  of  the  outflow  orifices  of  the 
wheel. 

For  a  velocity  of  flow  equal  to  that  occurring  with  free 

,    A 
deviation,  this  ratio  -j  is  somewhere  about  ^,  and  with 

the  usual  values  of  a  and  a^  is  obtained  by  widening  the 
buckets  towards  the  outflow;  this,  of  course,  is  exactly 
what  is  required  for  impulse  turbines,  and  the  dimensions 
must  be  adjusted  in  such  a  manner  that  the  increased 
width  at   the   outflow    end   is  sufficient    to   allow   free 
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deviation  if  the  wheel  is  acting  as  an  impulse  turbine, 

A 
and  at  the  same  time  give  the  necessary  ratio  —r-  when 

A.J 

it  works  full. 

In  such  cases  each  passage  between  two  adjacent  wheel- 
vanes  should  be  so  designed  that  the  hydrostatic  pressure 
at  every  cross-section  of  the  stream  is  the  same  and  equal 
to  the  atmospheric  pressure.  Under  these  conditions  the 
stream  flowing  between  two  vanes  should  just  toicch  the 
convex  vane  surface,  and,  apart  from  the  acceleration  of 
the  relative  velocity  due  to  the  fall  in  the  wheel,  the  cross- 
sectional  area  of  the  passage  should  be  constant.  Allowing, 
however,  for  the  acceleration  of  the  relative  velocity,  the 
area  must  slightly  decrease  towards  the  outflow. 

The  necessary  dimensions  of  the  passages  are  attained 
generally  by  the  use  of  back  vanes ;  but  some  makers  of 
turbines  eflfect  the  same  object  by  varying  the  midt?t  of  the 
buckets,  so  that  the  wheel-casing  in  cross-section  appears 
with  a  kind  of  waist.  If  c^.  denote  the  relative  velocity  at 
any  section,  h^  the  mean  depth  of  the  section  below  the 
inflow,  paj  the  hydrostatic  pressure  in  that  section,  then 

'^^  +  Pi  +  K  =  a  +  Q'f^  +  p.- 

Since  jh  must  be  equal  to  j^xi  there  follows — 

r  2  /V  2  \  1 

2g       W        Vl  +  C 

where  Cx  is  the  co-efficient   for  loss  by  friction  in  the 
passage  as  far  as  the  section  in  question. 

When  c^  is  determined,  the  corresponding  area  A„  of 
the  passage  can  be  calculated  from 

^x  -^x   ~   ^1  -^1* 

The  friction  may  safely  be  neglected,  and  then 
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^-  =  -_^i-    +  A  . 


2g       2g 

A^  can  be  ascertained  for  a  number  of  points  sufficient 
to  enable  the  form  of  the  passage  to  be  drawn. 

The  depth  oi^  of  the  passage  at  the  outflow  is  of  course 
fixed  by  the  angle  a^,  the  radius  ?•,  and  the  thickness  and 
number  of  the  vanes — 


whence 


-^2    —    ^2  *^2 
<2  


Assuming  that  the  pressure  both  at  inflow  and  outflow 
is  atmospheric,  the  proper  ratio     -  is  settled  by  the  con- 

dition  that  the  co-efficient  of  flow  must  be  the  same  as  for 
an  impulse  turbine  working  with  the  same  head,  hence 

A"i  =  0-95 


or 


Taking  €  = 


If  a  =  a. 


v 

a  A        . 

Z        Sin  a  sin  a, 
A2 

=  0-81 

A 

1 

0-81 

A 

00025  X 

2  sin  a  sin  a., 

=  75 

\  then 

' 

sin  a  sin  02  = 

=  0-9331 

A          0-81 
A^       1-684 

=  0-48. 

and 


When  the  difference  between  the  heads  in  times  of 
flood  and  under  the  usual  conditions  is  considerable,  then, 
in  order  to  satisfy  the  conditions  for  inflow  without  shock, 
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and  at  the  same  time  maintain  the  same  speed  of  the 
wheel — 

0-95  ^/2gff  =  K,  ^/2gh 

where  H  is  the  eflfective  head  when  the  wheel  works  as 
an  impulse  turbine,  while  h  is  the  actual  head  when  the 
wheel  is  to  nm  full.  It  is  obvious  that  K^  only  equals 
0-95  when  H  =  h. 

As  A  is  usually  less  than  5",  Ki  is  generally  somewhat 
greater  than  0*95,  and  the  pressure  at  the  inflow  becomes 
slightly  less  than  atmospheric  pressure. 

With  the  usual  variations  of  head  occurring  in  practice, 
it  is  suflBciently  accurate  to  assume  a  constant  (atmospheric) 
pressure  throughout  the  buckets. 

Turbines  of  this  class,  in  which  the  cross-section  of  the 
wheel-casing  is  contracted,  in  order  to  vary  the  width,  are 
very  liable  to  leakage  between  the  guides  and  wheel,  and 
this  fault  it  is  very  difficult  to  avoid. 


V' 


CHAPTER  VIII. 

IMPULSE   TURBINES  (contimicd). 

Centrifugal  action  in  parallel-flow  turbines. -*-In  reaction  tur- 
bines.— Factors  determining  centrifugal  action. — Centrifugal  action 
in  impulse  turbines. — Explanation. — Constructions  for  correcting 
centrifugal  action  in  impulse  turbines. — Outwardly  inclined  buckets. 
— Inclined  vanes. — Radial  impulse  turbines. — Distinction  between 
action  of  water  in  axial  and  radial  wheels. — Inward  and  outwartl 
flow. — The  guide  apparatus. — The  wheel. — The  number  and  thick- 
ness of  vanes  in  impulse  turbines. — Influence  of  dimensions  on  the 
efficiency  of  impulse  turbines. — Influence  of  angles  of  vanes. — On 
the  diflerence  between  impulse  and  reaction  turbines. — Comparison 
of  reaction  with  impulse  turbines. — The  Poncelet  wheel. — Compound 
turbines. — Bearings  for  turbine  shafts. — Friction  of  turbine  shafts. — 
Hydropneumatization. — Governors. — Summary. 

The  Action  of  Centrifugal  Force  in  Parallel-fioir 

Turbines. 

The  so-called  eflfect  of  centrifugal  force  on  the  water 
passing  through  an  axial  turbine  is  a  point  on  which 
misconceptions  may  easily  occur  and  actually  have  arisen. 

The  case  of  reaction  and  impulse  turbines  in  relation 
to  this  subject  must  be  treated  separately,  and  that  of 
reaction  wheels  taken  first. 

Let  a  b,  Fig.  113,  in  elevation  and  plan  represent  the 
absolute  path  of  a  filament  of  water  during  its  passage 
through  the  buckets,  following  the  outer  surface  of  the 
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wheel-casing.     In  plan,  it  will  be  seen,  the  water  is  com- 
pelled to  follow  a  circular  path  a  h,  and  in  consequence 
Fig.  lis.  will  exert  a  certain  normal  force 

against  the  inner  side  of  the 
outer  wheel-casing,  due  to  the 
deflection  from  its  original  course 
e  a  at  a.  The  amount  of  this 
force  for  any  particle  of  water  is 
calculated  by  the  usual  formula 
for  centrifugal  action,  and  de- 
pends upon  the  velocity  in  the 
circular  path  and  the  radius  of 
the  latter.  The  circumferential 
velocity  at  any  point  of  the  path 
is  the  component  of  the  absolute 
velocity  in  the  direction  of  the 
tangent  to  the  circle  at  that 
point;  for  instance,  the  absolute 
velocity  at  a,  where  the  water 
enters  the  wheel,  is  represented 
by  a  a^  (in  elevation),  and  the  horizontal  projection  a  c  of 
this  is  the  circular  velocity.  As  each  particle  of  water 
advances  from  a  to  &  along  the  absolute  path,  the  absolute 
velocity  decreases,  and  the  direction  of  its  motion  becomes 
more  nearly  parallel  to  the  axis  of  the  wheel,  until  at  h  it 
is  or  should  be  actually  parallel  with  the  axis.  It  is  easy 
to  perceive  that  under  these  circumstances  the  horizontal 
projection,  and  therefore  the  circumferential  velocity  of 
the  water,  decreases  in  passing  from  a  to  6,  until  at  the 
latter  point  it  is  nil. 

The  centrifugal  action  is  dependent  on  the  absolute 
velocity  and  direction  of  the  water  traversing  the  buckets, 
on  the  distance  from  the  axis  and  on  the  length  of  the 
arc  passed  through.     If,  for  example,  the  absolute  path 
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were  a  straight  line  parallel  with  the  axis,  it  is  clear 
there  would  be  no  centrifugal  action,  while  if  the  water 
were  simply  carried  round  in  the  buckets  at  the  velocity 
of  the  latter,  without  leaving  the  wheel,  it  would  be  a 
maodmum.  As  the  outer  filaments  of  water  are  forced  by 
the  surface  of  the  wheel-casing  to  follow  a  circular  path, 
so  successive  inner  filaments  are  compelled  by  the  sur- 
rounding contiguous  zones  of  water  to  take  a  concentric 
course.  The  resultant  pressure  exerted  against  the  outer 
wheel-casing  is  the  sum  of  the  action  of  all  the  zones  of 
different  radii.  Under  ordinary  conditions  the  centrifugal 
force  exerted  against  the  outer  circumference  of  the  wheel 
is  only  connected  in  a  secondary  manner  with  the  velocity 
of  rotation,  in  so  far  as  this  affects  the  absolute  velocity 
of  flow.  The  question  next  arises  as  to  the  effect  of  the 
centrifugal  pressure  on  the  performance  of  the  wheel.  It 
might  be  supposed  that  as  a  pressure  between  the  particles 
of  water,  increasing  towards  the  outer  circumference,  is 
set  up,  this  pressure  would  modify  in  some  way  the 
velocity  of  flow,  and  consequently  the  power  exerted  by 
the  motor.  It  is  easy  to  show  that  on  general  grounds 
this  cannot  be  the  case.  In  the  first  place,  since  all  the 
energy  developed  comes  from  that  contained  in  the  water, 
it  is  evident  that  the  existence  of  centrifugal  pressure — 
itself  a  result  of  the  motion  of  the  fluid — cannot  produce 
any  increase  of  absolute  velocity,  which  would  mean  a 
creation  of  energy.  In  the  second  place,  as  the  centrifugal 
pressure  is  in  a  radial  direction  in  which  no  motion  occurs, 
no  energy  is  expended  on  work  done  by  that  pressure, 
and  therefore  no  diminution  of  velocity  (or  energy)  can 
result 
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Centrifugal  Action  in  Parallel-floiv  Impulse 

Turbines, 

In  impulse  wheels  where  free  deviation  is  allowed,  only 
the  outer  zone  of  water  next  the  circumference  is  com- 
pelled to  take  a  circular  path ;  nearer  the  centre  the 
various  filaments  are  free  to  follow  their  own  course,  which 
will  naturally  be  in  a  plane,  or  seen  in  plan — the  axis  of 
the  wheel  being  vertical  to  the  picture  plane — a  straight 
line. 

Fig.  114. 


If  a  b,  Fig.  114,  represent  the  absolute  course  of  a 
particle  of  fluid  entering  the  wheel  at  the  mean  diameter 
at  a,  then — seen  in  plan — it  will  try  to  follow  the  straight 
line  a  b,  instead  of  the  circular  path  a  c,  at  the  mean 
radius;  consequently,  if  quite  unrestricted,  on  leaving  the 
vane  it  will  be  further  from  the  centre  by  the  distance 
b  c  than  when  it  entered  the  wheel.  The  result  of  this 
action  is  that  the  water  tends  to  heap  itself  up  at  the 
outer  circumference.     The  extent  to  which  this  occurs 
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depends  on  the  absolute  velocity,  the  form  of  the  absolute 
path,  and  the  diameter  of  the  wheel.  A  particle  of  water 
entering  at  a^  on  the  outer  circumference  would,  if  free, 
arrive  at  b^  by  the  time  it  left  the  vane ;  it  is,  however, 
compelled  to  follow  the  cylindrical  surface  of  the  wheel- 
casing,  and  so  in  reality  leaves  at  c^.  The  tendency  of  the 
water  to  heap  itself  up  is  therefore  evidently  proportional 
to  &i  Ci,  and  increases  as  the  diameter  diminishes.  In  im- 
pulse turbines  the  absolute  velocity  c  with  which  the  water 
enters  is  quite  independent  of  the  speed  of  rotation,  but 
the  latter  influences  subsequent  values  through  its  eflfect 
on  the  horizontal  component  and  affects  the  length  of  the 
absolute  path;  on  this  length  the  centrifugal  action  in 
question  is  entirely  dependent  for  any  given  diameter  and 
absolute  velocity  of  inflow. 

With  vanes  of  which  the  surfaces  are  helical  and  the 
edges  radial,  the  whole  centrifugal  tendency  is  not  limited 
to  that  which  has  just  been  considered,  but  is  augmented 
from  another  cause. 

Each  particle  of  water  enters  the  buckets  in  a  direction 
which  lies  in  a  plane  at  right  angles  to  the  surface  and 
upper  or  inflow  edge  of  the  vane  (seen  in  plan,  for  a 
vertical  axis,  the  direction  itself  is  at  right  angles  to  the 
vane  edge),  but  a  little  consideration  will  show,  that  as 
the  particle  proceeds  the  surface  of  the  vane  is  no  longer 
perpendicular  to  the  plane  in  which  that  particle  moves, 
or — what  comes  to  the  same  thing — to  a  radial  line 
through  the  point  with  which  the  particle  is  in  contact. 
In  consequence  of  this  angular  position  of  the  vane-surface 
relatively  to  the  course  of  the  water  as  seen  in  plan,  a 
radial  mUward  deflection  of  the  fluid  is  caused,  in  addition 
to  that  parallel  with  the  circumference  and  similar  in 
character.  The  phenomenon  will  be  best  understood  by 
reference  to  Fig.  115.     a  6  is  the  upper  edge  of  a  vane, 
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c  d  the  lower  edge ;  a  particle  of  water  entering  at  p 
moves  in  the  direction  p  q  at  right  angles  to  ah;  by  the 
time  it  arrives  at  q,  however,  n  h  will  have  travelled  to 
a,  fii,  and  a  radial  line  0  x  through  5— which  touches  the 
vane-surface  thiougliout  the  whole  width  of  the  latter — 
will  form  the  obtuse  angle  p  q  x  with  the  direction  of  flow 
p  q,  so  that  the  water  traversing  that  part  of  the  vane  will 
tend  to  move  outwards  towards  x.  In  any  perfectly  con- 
Fig.  116. 


structed  wheel  the  surfaces  of  the  vaaes  should  be  so 
formed  that  there  ia  no  radial  component  of  the  pressure 
between  them  and  the  water  during  any  part  of  its  course. 


Construction  for  correcting  the  Centnfngal 
Action. 

When,  as  illustrated  in  Fig.  116,  the  upper  edges  of 
the  wheel-vanes  are  radial,  and  the  absolute  direction  of 
the  water  on  entering  is  at  right  angles  to  them,  or,  seen 
in  plan,  tangeatiai  to  the  circumference  of  the  wheel,  a 
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particle  of  fluid  entering  at  a  will,  if  unrestricted,  leave 
the  vane  at  a  point  h  further  from  the  axis  than  a.  In 
Fig.  116,  i>  2?  j&  j&  represents  in  plan  the  position  of  a  vane 
when  the  particle  of  water  enters  at  a,  and  2?i  D^  E^  E^ 
that  of  the  same  vane  at  the  moment  when  the  particle 
leaves  it  at  &,  by  which  time  a  has  arrived  at  a^.  The 
course  followed  by  the  particle  relative  to  the  vane  will 
be  a^  b,  and  the  general  direction  of  the  water  at  all 
distances  from  the   axis  approximately  parallel   to  this. 


Fig.  116. 


Fig.  117. 


b   E   ^ 


In  order  that  the  water  next  the  outer  circumference[|may 
be  able  to  take  this  course,  it  would  be  necessary  to  so 
construct  the  vane  and  casing  that  a  particle  entering  at 
2?i  might  leave  at  x  instead  of  at  E^,  and  it  is  easy  to  see 
that  this  requirement  would  be  met  by  giving  the  outer 
casing  a  larger  diameter  at  the  bottom  than  at  the  top, 
somewhat  as  shown  in  section  in  Fig.  117. 

Modem  axial  impulse  turbines  are  constructed  in  such 
a  manner  that  in  flowing  over  a  vane  the  stream  of  water 
can  spread  itself  out  so  as  to  increase  its  width — generally 
to  about  two  and  a  half  times  its  original  dimension — and 
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when  no  regard  is  paid  to  the  centrifugal  action  now  in 
question,  the  casing  has  a  bell-mouthed  section  symmetrical 
with  respect  to  a  vertical  line  (parallel  to  the  axis)  through 
the  mean  circumference,  vide  Fig.  118. 

To  avoid  the  centrifugal  action  when  the  width  of  the 
stream  is  increased,  the  lower  edge  of  each  vane  should 
be  so  placed  that  it  is  bisected  at  the  point  b  instead  of  at 
c  by  the  centre  hne  C  C ;  this  gives  the  unsymraetrical 
form  of  casing  illustrated  in  Fig.  119. 

Tlie  line  a^  b  on  the  vane  can  be  very  simply  constructed 
from  a  drawing  of  the  absolute  path. 


Fig.  118. 


Fig.  119. 


r 


Another  method  of  neutralizing  the  centrifugal  action 
of  the  water  is  given  by  Meissner,  which  has  been  success- 
fully tried  in  practice.  This  consists  in  giving  the  vane- 
surfaces  an  inclination  inwards  (towards  the  centre  of  the 
wheel)  such  that  the  relative  outward  tendency  is  counter- 
acted by  a  deflection  in  the  opposite  sense,  resulting  from 
the  angular  position  of  the  vane  with  respect  to  radial 
lines  from  the  wheel  axis.  Let  A  B,  Fig.  120,  be  the  plan 
of  the  absolute  path  at  the  outer  circumference  which  the 
water  must  be  compelled  to  follow;  if  free,  its  course 
would  be  A  C,  and  .the  extent  to  which  each  particle  must 
be,  so  to  speak,  deflected  inwards  is  represented  by  A  X, 
B  X  being  parallel  with  A  C  (the  tangent  to  the  circum- 
ference at  A)\  the  angle  through  which  the  deflection 
takes  place  is  X  B  JD,  B  B  being  the  tangent  at  B.    The 
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Fig.  120. 


required  eflfect  is  approximately  obtained  by  placing  the 
lower  edge  A  F  of  each  vane  at  an  angle  OAF  equal  to 
X  B  D  with  respect  to  the  radial 
line  0  A,  The  upper  edge  G  H 
of  the  vane  must  be  parallel  with 
the  lower,  so  that  the  vane-surface 
is  cylindrical.^  A  result  of  this 
is,  that  the  length  of  the  path 
traversed  by  particles  entering  at 
various  points  in  the  width  of 
the  vanes  is  the  same  (measured 
parallel  with  the  mean  circum- 
ference), and  the  losses  arising 
from  internal  friction  between 
portions  of  a  stream  moving  with 
different  velocities  are  to  a  great 
extent  avoided. 

When  this  arrangement  of  the  vanes  of  the  wheel  is 
adopted,  the  guide-vanes  must  also  be  made  with^both 
edges  parallel;  it  is  not,  however,  necessary  that  the 
lower  edges  of  the  guide-vanes  should  be  parallel  with 
the  upper  edges  of  the  wheel-vanes,  as  the  direction,  as 
seen  in  plan,  taken  by  the  outflowing  stream  is  determined 
by  the  sides  of  the  casing.  In  order 
to  distribute  more  uniformly  the 
shocks  resulting  from  the  motion 
of  the  wheel-vanes  in  front  of  the 
guide-passage  orifices,  some  engi- 
neers place  the  guide-vane  edges 
at  an  angle  with  those  of  the  wheel-vanes,  as  shown  in 
the  diagram,  Fig.  121,  where  A  B  and  A  B  represent  the 
former  and  C  D  and  G  D  the  latter. 


^  Not  necessarily  circular. 


V  * 


^  ^^- 
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Radial  Impulse  Turbines. 

For  impulse  turbines  the  radial  arrangement  of  vanes  is 
generally  only  adopted  with  partial  admission,  and  chiefly 
for  outward-flow. 

Zuppinger  8  tangent  wheel  was  of  the  inward-flow  type, 
designed  for  use  with  high  falls  and  small  quantities  of 
water,  but  it  is  not  now  often  employed,  the  outward-flow 
type  being  found  more  convenient.  As  a  rule,  turbines  of 
this  kind  are  made  with  horizontal  axes,  an  aiTangement 
which  has  some  practical  advantages  over  that  with 
vertical  axes,  especially  where  the  driving  is  effected  by 
belts.     Zuppinger's  wheel  generally  has  a  vertical  axis. 

The  chief  distinction  between  the  theory  of  axial  and 
radial  impulse  turbines  is  that  in  the  latter  an  acceleration 
or  retardation  of  the  relative  velocity  of  flow  occurs  during 
the  passage  of  the  water  through  the  buckets  independently 
of  the  action  of  gravity.  By  this  the  relative  velocity  of 
outflow  as  compared  with  axial  wheels  is  modified,  and 
therefore  also  to  some  extent  the  relations  between  the 
vane-angles. 

In  other  respects  the  construction  of  radial  wheels  is 
simpler,  owing  to  the  fact  that  the  speed  of  rotation  is 
constant  for  all  points  in  the  width  of  a  bucket  where  the 
water  enters  and  leaves  it. 

The  water  is  admitted  to  the  buckets  of  outward-flow 
impulse  wheels  with  horizontal  shafts  at  the  lowest  possible 
point  of  the  circumference,  to  avoid  loss  of  head,  and  enters 
through  only  a  small  number  of  guide  passages,  sometimes 
only  one  or  two. 

For  Zuppinger's  tangent  wheels  the  admission  is  equally 
distributed  at  opposite  sides,  to  avoid  lateral  pressure  on 
the  shaft  and  bearings. 
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The  Guide  Apparatus,      The  total  area  of   the  guide 
passages  is  determined  exactly  as  for  a  parallel-flow  wheel : 

c  =  0-95  y/2]iH  to  0-92  /y/2^ 


A  = 


-  •  Q 


0-894  c 


If  (f)  denotes  the  proportion  of  the   circumference  over 
which  the  water  enters  the  wheel,  then   approximately 


and  from  this 


A  =  <f>  2  H  Ti  e  cos  a, 


*  = 


2n  Ti  e  cos  a 


The  angle  a,  as  before,  is  chosen,  the  value  ranging 
between  the  limits  previously  given — for  tangent  wheels 
it  is  as  much  as  80°. 

A  certain  ratio  y  between  e  and  r^  is  selected,  which 
in  practice  lies  between  ^  and  ^V»  ^^^  ^^^^  ^  can  be  ex- 
pressed as  follows — 

4>  = ± . 

2  U  y  Ti^  cos  a 

Very  often  it  is  convenient  to  determine  r^  independ- 
ently, with  reference  to  the  number  of  revolutions  the 
shaft  is  required  to  make,  and  in  that  case  <^  must  be 
calculated  from  the  above  formula,  in  the  first  instance 
approximately. 

When  the  number  of  revolutions  is  not  fixed,  the  rule 

r  =  I'o  /^  Q  can  be  employed  for  tangent  wheels,  for 

outward-flow  wheels  r  =i  k  /^  A,  where  k  is  a  co-efficient 

the  value  of  which  is  given  in  the  summary  of  rules  and 

formulas. 

s 
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The  pitch  P  of  the  guide-vanes  must  then  be  selected, 
and  the  number  of  passages  z  calculated — 

^  0  2  07',. 

the  corrected  value  of  (f)  can  finally  be  obtained  from  the 
accurate  formula — 

A  +  z  t  e 

e  2  n  Vi  cos  a* 

where  the  thickness  t  of  the  vanes  is  empirically  fixed, 
and  the  width  of  the  passages  from 

The  above  formulas  are  the  same  as  those  used  for 
parallel-flow  wheels  with  partial  admission,  except  that 
instead  of  the  mean  radius  r  appears  the  radius  r,  at 
which  the  water  enters. 

Tlie  value  (f>  should  never  exceed  -J  of  the  circum- 
ference. 

The  Wh^el.  The  angles  a  and  a^  are  chosen  as  in 
the  case  of  axial  turbines.  Approximately,  too,  the  same 
relation  between  the  angles  obtains,  namely 

a,  =  2  a  -  90^ 

This  must  be  temporarily  adopted,  and  c\  and  v\ 
graphically  determined  in  the  now  familiar  way. 

Having  ascertained  the  relative  velocity  of  inflow  c^, 
the  relative  velocity  of  outflow  c^  is  given  by  formula 
(IVa).  In  this  appears  the  depth  of  the  buckets  h,,, 
which,  assuming  that  the  water  leaves  at  the  lowest 
possible  point,  is  for  outward-flow  wheels  with  horizontal 
axis  about  equal  to  the  difierence  between  the  inner  and 
outer  radius,  r^  •-  r^ ;   this  dimension  is  purely  empiric, 

and  varies  from  |  to  ^  of  the  mean  radius  -^— « — ^". 


IMPULSE  TURBINES. 


259 


h„  is,  as  previously  indicated,  by  no  means  always 
exactly  equal  to  the  depth  of  the  buckets,  but,  according 
to  the  points  where  the  water  enters  and  leaves  the 
wheel,  may  be  either  greater  or  less.     By  formula  (IVa) 

c,'  =  (q^  +  <  -  w,^  +  2  A)  T    ^ 


1    +   ?2' 


where 


=  0-9  to  0-95 ; 


1  +  C, 

for  tangent  wheels  with  vertical  axis  h^  =  0  with  respect 
to  the  middle  of  the  buckets. 

From  this  point  on  the  calculation  is  similar  to  that 
for  a  parallel-flow  wheel. 

The  ratio  of  the  width  at  the  outlet  of  the  buckets  to 
that  at  the  inlet  is 


^2  —  ^1  ^1  r^  ^*i  ^  ^^^  ^: ""  ^.1  ^n 

€i         X^  C^  L2  7'2  n  cos  Og  —  Zi  ^2  J  * 

The  values  of  this  ratio  adopted  in  practice  are  the 
same  as  for  parallel-flow  wheels. 
The  relation 


sin  a. 


_  w^  _  r^  iVi 


c, 


2 


n  ^2 


gives  the  correct  angle  a^;  if  this  does  not  agree  with 
that  at  first  assumed,  Oj  must  be  modified. 

It  should  be  noted  that  with  inward-flovj  a  reiardatioti 
of  the  relative  velocity  is  associated,  c^  being  less  than  c.. 

In  radial  impulse  wheels  no  correction  of  the  angles 
or  curves  of  the  vanes  is  required ;  the  form  of  the  latter 
is  therefore  simpler  than  for  axial  wheels.  The  relative 
velocities  of  inflow  and  outflow  are  the  same  for  all  points 
of  the  width,  as  projected  on  a  plane  at  right  angles  to 
the  axis  of  rotation,  and  the  particles  of  fluid  which  enter 
simultaneously  also  leave  the  buckets  together. 
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For  tbese  reasons,  where  it  is  possible  a  radial  outw&i-d- 
Sow  wheel  should  be  adopted  in  preference  to  one  with 
parallel-fiow ;  as  already  stated,  however,  this  type  of 
motor  is  only  applicable  for  partial  admission,  and  for  large 
quantities  of  water  and  low  falls  would  assume  unwieldy 
dimensions. 


Notes  on  Vanes. 

The  guide-vanes  of  impulse  turbines  are  generally  of 
wrought- iron,  or  steel  plate  cast  in  with  the  casing,  and 


the  wheel-vanes  of  cast-iron.  It  is  desirable  to  make  the 
vanes  as  thin  as  practicable,  especially  the  guide-vanes,  in 
order  that  they  may  interfere  as  little  as  possible  with  the 
flow  and  distribution  of  the  water  in  the  buckets. 

Fig.  122  illustrates  the  nature  of  this  interference;  in 
practice,  however,  the  upper  edges  of  the  wheel-vanes  would 
be  tapered  off  almost  to  a  point,  instead  of  being  flat  as 
shown.  It  is  obvious  that,  as  regards  obstruction  of  the 
flow  of  water,  it  is  advantageous  to  make  the  number  of 
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guide-vanes  relatively  small,  but  in  practice  there  is  never 
very  much  difiference  between  the  number  of  guide-  and 
wheel-vanes,  whichever  of  the  views  previously  explained 
in  regard  to  this  point  is  adopted. 


Influence  of  Dimensions  on  the  Efficiency  of 

Impulse  Turbines. 

For  the  efficiency  of  the  wheel  as  distinguished  from 
the  accessory  arrangements  the  expression  was  found — 

2  sin  a  sin  (a  —  a.) 

«i  =  -        — - 

cos  aj 

It  was  further  shown  that  approximately 

ai  =  2  a  -  90^ 

or  a  —  Oj  =  90^  —  a  {a^  being  negative) ; 

whence  sin  (a  —  Oj)  =  cos  a, 

and  cos  a,  =  sin  2  a. 

Substituting    these    equivalents   in   the    above    formula, 
there  follows — 

2  sin  a  cos  a 


^i  = 


sin  2  a 


The  efficiency  is  here  expressed  exclusively  in  terms 
of  one  angle,  and  the  question  is — For  what  value  of  this 
angle  is  it  a  maximum  ?  sin  2  a  is  identical  in  value 
with  2  sin  a  cos  a,  so  that  the  above  formula  gives  an 
efficiency  of  100  per  cent,  whatever  a  may  be.  This  of 
course  is  impossible,  and  merely  a  result  of  the  approxi- 
mations used  in  developing  the  expression,  but  it  shows 
that,  provided  the  conditions  of  inflow  without  shock  and 
radial  or  axial  outflow  are  observed,  the  value  of  o  has 
very  little  influence  on  the  efficiency. 
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The  greater  a^,  as  in  the  case  of  reaction  wheels,  the 
higher  must  of  course  be  the  efficiency,  as  an  increase 
of  a^  is  accompanied  by  a  reduced  absolute  residual 
velocity  u. 


On  the  Difference  between  Impulse  and  Reaction 

Turbines. 

A  clear  understanding  of  the  essential  characteristics 
of  a  reaction  as  distinguished  from  an  impulse  turbine  is 
so  important  for  the  student  of  the  subject,  that  a  some- 
what more  detailed  consideration  of  this  point  is  required. 

It  has  been  already  explained  that  in  reaction  turbines 
continuity  of  flow^  is  a  necessity,  while  in  impulse  turbines 
it  must  be  avoided. 

As  a  result  of  the  condition  of  continuity  the  water  on 
leaving  the  guide  passages  has  a  pressure  2^iy  which  is 
diflferent  to  the  atmospheric  pressure ;  under  this  pressure 
— neglecting  the  effects  of  leakage  and  other  interference 
— it  enters  the  wheel-buckets.  When,  as  is  now  assumed, 
a  suction-tube  is  employed,  the  height  hi  of  water  above 
the  wheel  is  less  than  the  total  head  hy  and  if  the  water 
issued  from  the  guide  passages  at  atmospheric  pressure  (as 
in  an  impulse  turbine),  the  whole  energy  available  would 
be  represented  by  the  velocity  of  outflow  only,  due  to  the 
head  h^^  and  the  difference  h  --  h^  the  height  of  the  out- 
flow orifices  above  the  tail-water  would  be  all  lost.  In  a 
reaction  turbine,  the  water  generally  passes  through  the 
wheel-buckets  under  a  decreasing  pressure,  and  in  that 

*  It  must  be  noted  that  the  author  uses  the  term  "  continuity  of 
flow  "  to  express  the  fact  that  the  flowing  water  is  always  in  contact 
with  all  the  internal  surfaces  of  the  passages.  In  a  general  sense  there 
must  of  course  be  continuity  of  flow  in  oW  turbines. 
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case  the  energy  available  is  represented,  not  merely  by  the 
velocity,  but  in  addition  by  the  diflference  between  the 
pressure  of  the  water  leaving  the  guide  passages  and  that 
leaving  the  wheel-buckets.  The  available  energy  is  there- 
fore at  the  moment  of  leaving  the  guide  passages  made 
up — ^so  to  speak — partly  of  velocity  and  partly  of  pressure, 
and  during  the  flow  of  the  water  through  the  wheel- 
buckets  the  energy  of  pressure  becomes  converted  into 
energy  of  velocity  owing  to  the  acceleration,  relative  to 
the  buckets,  produced  by  the  excess  of  pressure  pi  —  p^. 

It  must  be  distinctly  understood  that  the  hydrostatic 
pressure  as  such  produces  no  eflfect  in  driving  round  the 
wheel,  but  only  when  converted  into  velocity  relative  to  the 
wheel.  The  language  of  some  authors  on  this  point  appears 
misleading,  and  an  unnecessary  distinction  is  drawn 
between  the  action  of  the  fluid  on  the  vanes  in  reaction 
and  in  impulse  turbines. 

As  far  as  tlie  force  exerted  on  the  vanes  is  concerned, 
the  mode  of  action  is  precisely  the  same  in  both  systems, 
but  while  in  impulse  turbines — ^apart  from  friction  and 
any  diflference  of  level  of  the  entrance  and  exit  orifices 
of  the  buckets — there  is  no  accelerating  (or  retarding) 
force  aflfecting  the  water  during  its  passage  between  the 
vanes,  the  contrary  is  true  of  reaction  wheels. 

The  acceleration  produced  in  the  relative  velocity 
intensifies  the  eflfort  exerted  by  the  fluid  on  the  vanes, 
and,  under  otherwise  equal  conditions,  increases  the  work 
done  in  turning  the  wheel. 

The  pressure  ^i^  at  which  the  water  leaves  the  guide 
passages  may  be  either  greater  or  less  than  atmospheric 
pressure;  when  it  is  less  the  velocity  of  outflow  is  of 
course  greater  than  in  the  former  case,  and  may  represent 
an  amount  of  energy  in  excess  of  that  due  to  the  total 
head,  but  under  these  conditions  the  pressure  increases  aa 
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the  fluid  passes  through  the  buckets,  consequently  pi  —  p^ 
is  negative,  and  the  available  energy  is  less  than  that  due 
to  the  velocity  of  outflow  from  the  guide  passages. 

Where  no  suction-tube  is  used  and  the  ofi'-flow  into  the 
tail-water  takes  place  direct  from  the  wheel,  p^  equals 
atmospheric   pressure,  and  the  energy  available  for  the 

wheel  is  ^  +  pi  —  a.      The    absolute    velocity  n   with 

which  the  water  leaves  the  wheel  then  represents  the  lost 
energy  not  absorbed  in  the  turbine.    When,  however,  there 

is  a  suction-tube,  this  loss  is  expressed  by  —  +  i^2  ""  ^> 

and  in  many  cases  P2  is  less  than  a,  and  hence  the  energy 
wasted  is  not  so  great  as  that  due  to  the  velocity  u;  this 
occurs  when  the  final  velocity  of  off-flow  c^  under  the 
sluice  is  smaller  than  u,  as  the  former  must  be  the  measure 
of  the  loss  from  residual  energy,  and  therefore 


+  i?2  -  «  = 


__  ^4 


2g      "^  2g' 

This  explains  the  action  of  an  enlarged  suction- tube 
or  a  Boyden  diflusor  in  improving  the  efficiency  of  a 
turbine ;  the  principle  involved  may  be  stated  by  saying 
tJiat  what  is  lost  in  velocity  is  gained  in  pressure.  The 
excess  of  the  velocity  u  over  ^4  is  compensated  by  p^  being 
lower  than  a,  and  consequently  a  greater  available  energy. 
It  has  been  throughout  assumed  for  the  sake  of  simplicity 
that  there  are  no  frictional  or  other  resistances  apart  from 
the  work  done  on  the  wheel. 

The  velocities  and  pressures,  it  is  scarcely  necessary  to 
repeat,  depend,  under  given  conditions  as  to  head  of  water 
and  position  of  wheel,  entirely  on  the  proportions  of  the 
different  parts  of  the  apparatus;  it  is  therefore  not  necessary 
in  practice  to  determine  the  pressures^!  and  P2  as  such. 
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Compa^Hson  of  Reaction  with  Imjmlse  Turbines. 

In  compariDg  one  system  of  turbine  with  another  it 
is  not  merely  the  maximum  possible  efficiency  under  the 
most  favourable  circumstances  which  should,  for  practical 
purposes,  be  the  standard  according  to  which  their  relative 
merits  are  estimated,  but  rather  the  average  perfonnance 
under  the  var}'ing  conditions  occurring  in  practice,  and  the 
capacity  of  any  motor  for  adapting  itself  with  the  least 
possible  disadvantage  to  such  variations. 

Reaction  turbines  give  a  somewhat  higher  efficiency 
than  impulse  turbines  when  running  at  the  best  speed 
and  with  the  full  quantity  of  water  for  which  they  are 
designed,  and  have  the  further  advantage  that  they  can* 
be  used  with  a  suction-tube  and  placed  within  certain 
limits  at  any  convenient  height  above  the  tail-water. 

On  the  other  hand,  all  the  practicable  methods  of 
regulating  reaction  wheels  to  suit  varying  quantities  of 
water  involve  with  the  decrease  of  the  latter  a  reduction 
of  the  efficiency,  and  consequently  these  motors  are  only 
suited  for  cases  in  which  the  quantity  of  water  is  tolerably 
constant,  or  at  any  rate  does  not  fall  below  that  required 
by  the  wheel  when  working  at  its  best  speed. 

For  high  falls  the  dimensions  of  reaction  turbines 
become  very  diminutive,  and  this  necessitates  a  very  large 
number  of  revolutions  in  order  to  obtain  the  requisite 
velocity  at  the  circumference,  while,  when  in  addition  to 
a  high  fall  the  quantity  of  water  is  small,  it  becomes 
impossible  to  use  a  reaction  wheel. 

The  maximum  efficiency  obtainable  with  impulse  tur- 
bines is  not  so  high  as  in  the  case  of  reaction  turbines, 
but — as  has  been  previously  fully  explained — they  can  be 
advantageously  regulated  to  almost  any  extent  for  varying 
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quantities  of  water,  and  the  dimensions  are  almost  inde- 
pendent of  the  latter,  so  that  this  system  of  motor  can  be 
applied  under, nearly  any  conditions,  either  for  low  falls 
and  great  quantities  of  water,  or  for  high  falls  and  small 
quantities  of  water. 

Owing  to  their  great  practical  advantages  in  these 
respects,  impulse  turbines  are  very  largely  used  on  the 
continent  of  Europe,  and  have  to  a  great  extent  super- 
seded reaction  turbines,  since,  in  so  very  many  instances 
where  hydraulic  power  is  available,  the  quantity  of  water 
is  changeable  with  the  seasons. 

In  America  and  Canada  reaction  turbines  appear  to  be 
chiefly  employed,  as  the  practically  unlimited  supplies  of 
water  in  the  great  rivers  in  those  countries  are  favourable 
to  their  use. 

Whether,  in  any  given  case,  a  reaction  or  an  impulse 
turbine  is  appropriate,  must  depend  on  the  particular 
circumstances — each  system  has  its  own  sphere  of  useful- 
ness ;  the  actual  results  obtained  may  be  studied  from  the 
particulars  of  experiments  given  in  the  sequel. 

Where  the  available  head  of  water  varies,  a  Jonval 
wheel  may  ba  advantageously  used  by  dividing  it  into 
several  concentric  parts,  and,  according  as  the  head  is 
greater  or  less,  using  the  inner  or  outer  rings  so  as  to 
obtain  the  appropriate  speed. 

A  radial  reaction  turbine  is  obviously  not  adapted  to 
this  method  of  regulation  for  varying  falls,  since  the 
velocity  of  all  points  at  which  the  water  enters  is  the 
same. 

There  is,  of  course,  no  hard-and-fast  line  at  which  the 
employment  of  a  reaction  turbine  must  cease  and  the 
application  of  an  impulse  wheel  begin.  The  first  Four- 
neyron  turbine  ever  made,  of  which  particulars  are  given 
elsewhere    (Chap.  XI.),  was  constructed  for  a  high  fall. 
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with  small  diameter,  aDd  to  ruD  at  an  enormous  number 
of  revolutions  per  minute,  but  this  is  quite  contrary  to 
present  practice,  ^/  (/o**- 

■2.T, 
Hie  "  Poncelet"    Watcr-ivheel. 


Although  generally   classed   as  a  water-wheel   in  the 
narrower   sense   of  the   term,  the  "  Poncelet "  wheel    is, 


2  3 


according  to  the  definition  given,  in  reality  a  turbine. 
The  water,  vUle  Fig.  123,  enters  at  the  bottom  aa  in  an 
undershot  wheel,  but  tlie  vanes,  instead  of  being  straight, 
are  curved  in  such  a  manner  that  the  inflow  takes  place 
without  shock,  and  the  water  in  consequence  of  its  velocity 
flows  up  a  certain  lieight  along  the  vanes,  until,  brought 
relatively  to  rest  by  the  action  of  gravity,  it  falls  again. 
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still  following  the  vane  surface.  Both  on  its  upward  and 
downwai'd  course  the  fluid  exerts  pressure  on  the  vanes  as 
a  result  of  the  deflection  caused  by  their  curvature ;  to  a 
slight  extent,  too,  the  water  acts  by  its  weight  on  the 
buckets,  but  this  action  is  very  insignificant  in  comparison 
with  that  due  to  the  relative  velocity. 

The  sluice   under   which    the  water  is  admitted   to  a 

Fig.  124. 


W////m////M//////////// 


*'  Poncelet"  wheel  is  generally  inclined  at  an  angle  of  from 
40""  to  60°  to  the  horizon. 

The  axis,  as  shown  by  the  illustration,  is  horizontal, 
the  diameter  is  comparatively  great,  and  the  velocity  of 
rotation  slow,  as  in  ordinary  water-wheels. 

It  is  clear  that,  if  none  of  the  available  head  is  to  be 
lost,  the  water  after  attaining  the  highest  point  in  the 
buckets  should  fall  through  exactly  the  same  height  to 
which   it   has   risen   before  reaching  again  the  tail-race 
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level.  This  end  is  obtained  by  so  choosing  the  point  A, 
Fig.  124,  at  which  the  water  enters,  with  reference  to  the 
speed  of  the  wheel  and  velocity  of  the  water  relative  to 
the  vanes,  that  the  fluid  leaves  the  buckets  at  a  point  B, 
equi-distant  with  A  from  a  vertical  line  0  Y  through  the 
centre  of  the  wheel,  whence  A  Y  =  B  Yy  and  A  0  Y  = 
<BOY=p. 

The  water  enters  the  wheel  from  under  the  sluice  in  a 
horizontal  direction,  forming  the  angle  a  =  0  A  B,  with 
the  radius  0  A,  while  ^  =  90°  -  a. 

The  velocity  of  flow  from  under  the  sluice  is 

c  =  0-922  sj'^h[, 

where  Aj  is  the  effective  head  measured  to  the  centre  of 
the  sluice  orifice. 

The  conditions  for  inflow  without  shock  are  the  same  as 
for  a  turbine. 

If  Aj  denote  tlie  height  above  the  tail-race  level  to 
which  the  water  rises  in  the  buckets,  then 

and,  neglecting  friction, 

^2  ~  ^i» 
since  the  water  falls  through  the  same  height  to  which  it 
has  risen.     This  equation,  combined  with  the  well-known 
conditions  for  inflow  without  shock   and  radial  outflow, 
leads  to  the  relation 

Oi  =  ^  a. 

It  is  easy  to  see  that  the  depth  of  the  buckets  a,  the 
difference  between  the  outer  and  inner  radii  r^  —  ?'2,  must 
be  at  least  equal  to  the  height  A*  'phis  the  depth  to  which 
the  lowest  point  of  the  wheel  is  submerged  below  the 
tail-water. 
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According  to  Zeuner 

r,^  =  1-6  w^Y' 

generally  /3  =  15°,  and  consequently 

a  =  90°  -  i3  =  75";  limits  72°  to  78°. 

If  h  denote  the  clear  breadth  of  the  wheel-buckets,  and 
X  the  proportion  filled  by  the  water,  then 

Q  =  X  a  b  w, 
iC  =  J   to  §. 

The  following  data  may  be  taken  as  a  guide  in  the 
construction  of  "  Poncelet "  wheels  : 

Maximum  value  of  h  =  13  feet. 
„  „       r  =  10  feet. 

P=  8  to  10  inches;  ^  =  3C  ; 
Vertical  sluice  opening  4  to  12  inches. 

The  greatest  head  suitable  for  this  type  of  motor  is 
about  51  feet. 

It  should  be  unnecessary  to  remark  that  the  "  Poncelet " 
wheel  is  an  impulse  turbine  with  free  deviation ;  with  it 
an  efficiency  of  about  70  per  cent,  has  been  obtained. 


Compound  Turbines. 

If  a  turbine  is  allowed  to  run  at  a  much  lower  speed 
than  the  best,  the  water  leaves  the  buckets  with  a  very 
considerable  absolute  velocity,  and  there  is  a  corresponding 
loss  from  unutilized  energy.  This  energy  might,  however, 
be  usefully  employed  in  driving  a  second  turbine,  the 
water  after  leaving  the  first  being  deflected  by  a  set  of 
stationary  guide-Vanes   to  cause  it  to  enter  the  second 
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wheel  at  the  proper  angle.  Both  turbines  could  be  keyed 
to  the  same  shaft,  and  their  speed  would  be  much  lower 
than  that  of  a  single  turbine  driven  by  the  same  head  of 
water  and  utilizing  it  to  the  same  extent.  This  arrange- 
ment would  constitute  a  compmind  turbine,  and  it  is  clear 
that,  instead  of  two  wheels  only,  three  or  more  might  be 
employed  in  the  same  way,  the  speed  being  lower  the 
greater  the  number  of  wheels.  The  only  object  in  using 
a  compound  turbine  in  preference  to  a  single  one  would 
be  to  reduce  the  speed  in  cases  where  the  head  was  very 
great  and  a  high  velocity  of  rotation  inconvenient  or 
impracticable.  The  principle  of  the  compound  turbine 
has,  in  so  far  as  the  author  is  aware,  not  hitherto  been 
applied  in  practice  with  hydraulic  power,  but  is  embodied 
in  Mr.  Parson's  steam  turbine,  in  which  a  very  large 
number  of  wheels  keyed  to  the  same  shaft  are  used.  Tiie 
velocity  of  rotation  necessary  to  utilize  steam  efficiently 
in  a  single  turbine  would  be  impossibly  high,  owing  to  the 
very  great  velocity  of  flow. 

With  water,  the  losses  in  a  compound  turbine  would 
certainly  be  much  greater  than  in  a  single  wheel,  in  con- 
sequence of  there  being  a  double  set  of  guide-vanes  and 
buckets,  in  each  of  which  tlie  frictional  losses  would  be  at 
least  as  great  as  in  the  single  motor;  notwithstanding 
this,  it  might  in  certain  cases  be  desirable  to  adopt  the 
compound  system,  in  order  to  avoid  the  use  of  gearing 
and  countershaft  for  obtaining  a  relatively  low  speed  from 
a  quick-running  motor. 


Bearings  far  Turhine  Shafts. 

The  forms  of  bearings  generally  used  for  turbine  shafts 
are  the  following : 


272  HYDRAULIC  MOTORS, 

(1)  Subaqueous  step  bearing. 

(2)  Collar  bearing  above  water. 

(3)  Overhead  (Fontaine)  suspension  bearing. 

In  every  case,  in  addition  to  the  supporting  bearing 
which  takes  the  weight  of  the  motor,  there  are  one  or 
more  bearings  or  stuffing-boxes  which  steady  the  shaft 
laterally. 


Subaqueous  Step  Bearings. 

These  require  no  special  description,  being  of  the  usual 
construction,  and  either  resting  on  the  floor  of  the  tail- 
race  or  supported  by  brackets  secured  to  the  walls  of  the 
suction-tube  where  one  is  employed.  For  lubrication  an 
oil  pump  is  necessary. 

This  class  of  bearing  has  the  drawback  that  it  is  not 
easily  accessible.  Lignum  vitaD  has  also  been  employed 
for  step  bearings,  in  which  case  no  lubrication  is  required. 

In  at  any  rate  one  American  turbine  the  shaft  runs 
on  the  conical  end  of  a  cylindrical  block  of  lignum  vitsB 
held  in  a  socket;  the  end  of  the  shaft  is  of  course  recessed 
to  fit  the  taper  end  of  the  block.  {Vide  illustration  of 
"  Risdon  "  turbine.) 


Collar  Bearings. 

With  these  a  turbine  is  suspended  from  the  upper  end 
of  the  shaft,  which  is  guided  lower  down  in  a  stuffing-box 
to  insure  lateral  stability.  In  some  cases  the  bearing  rests 
in  a  spherical  socket  to  allow  greater  freedom  of  adjust- 
ment. The  same  rules  are  applicable  to  collar  bearings 
whether  used  for  turbines  or  other  purposes,  the  bearing 
surface  being  proportional  to  the  load  on  the  shaft. 
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Overhead  (Fontaine)  Sitspeiisioii  BeaHngs. 

With  these  the  load  is  supported  on  the  upper  end  of 
a  spindle  of  steel  or  iron  rigidly  fixed  in  a  socket  of  cast- 
iron  on  the  tail-race  floor  The  turbine  wheel  itself  is 
keyed  to  a  hollow  cast-iron  shaft  which  at  its  upper  end 
carries  a  kind  of  lantern.  Through  the  top  of  this  lantern, 
which  is  formed  as  a  boss,  passes  a  short  spindle,  often 
continued  upwards  to  form  the  driving  shaft,  the  lower 
end  of  which  rests  on  a  loose  steel  washer,  sometimes  with 
spherical  base,  running  on  a  bearing  rigidly  attached  to 
the  top  of  the  fixed  spindle  previously  referred  to.  The 
position  of  the  short  spindle,  which  is  screwed  on  the 
outside,  is  adjustable  by  means  of  a  large  nut ;  a  feather 
key  prevents  it  from  turning  relatively  to  the  top  of  the 
lantern.  The  top  of  the  lantern  is  attached  to  the  body 
by  bolts  passing  through  flanges.  The  bearing  is  easily 
accessible  through  the  openings  in  the  sides  of  the  lantern. 
The  construction  will  be  readily  understood  from  the 
illustrations.  Figs.  125  and  126. 

In  Fig.  125,  J9  is  the  cast-iron  lantern,  G  the  flanged 
top  in  the  boss  /  of  which  is  secured  the  spindle  or  shaft 
h  by  means  of  the  feather  key  R ;  a  the  nut  with  flange 
k  fitted  on  the  screwed  portion  of  the  spindle  h  by  which 
the  position  of  the  wheel  is  vertically  adjusted ;  d  a  loose 
washer  of  gun-metal  between  the  bearing  surface  of  the 
spindle  and  the  steel  bearing-plate  c ;  /  a  cup  of  cast-iron 
containing  oil  for  lubrication,  having  at  its  lower  end  a 
cylindrical  neck  h  fitting  into  a  socket  in  the  upper  end 
of  the  fixed  spindle  i.  The  hollow  cast-iron  shaft  just 
below  the  lantern  is  lined  with  a  long  gun-metal  bush  o 
fitting  the  spindle  i.  The  plate  e  is  prevented  from 
turning  by  a  pin  A,  while  the  cup /is  held  by  a  cotter  g. 
In  the  under  side  of  the  washer  d  are  radial  grooves  to 
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admit  the  oiL  The  lower  end  of  the  bearing  spindle  b  is 
loose  and  fitted  into  a  cylindrical  recess  in  the  end  of  the 
screwed  portion ;  this  is  in  order  to  allow  the  nut  to  be 
fitted  on.  The  spindle  b  should  be  of  steel.  It  is  un- 
necessary to  make  the  under  surface  of  the  washer  d 
spherical,  as  shown,  and  this  is  now  not  generally  done. 

The  pressure  on  the  bearing  surfaces  may  range  from 
1,100  to  1,400  pounds  per  square  inch. 

For  the  diameter  of  bearing  spindles  for  turbines 
Meissner  gives  the  following  formulas : 

For  toroiuiht'iroii  d  =      / +  0*2  inch  ; 

-^  V  2,750 

For  steel  d  =      / +  0-12  inch ; 

V  7,640 

where  d  is  the  diameter  of  the  spindle  in  inches,  and  F 
the  load  on  it  in  pounds. 

Fig.  126  illustrates  the  construction  of  the  overhead 
bearings  employed  for  two  double  Jonval  turbines  at 
Schaif hausen,  recently  erected  by  Messrs.  J.  J.  Rioter  and 
Co.  of  Winterthur.  A  description  of  these  will  be  found 
in  Chap.  XI. 

The  bearings  in  question  differ  somewhat  in  detail  from 
that  shown  in  Fig.  125,  but  the  design  is  essentially  the 
same. 


Shaft  Friction  of  Turhines, 

Mr.  J.  C.  Bemhard-Lehmann  published  in  1879*  the 
results  of  experiments  carried  out  by  him  on  the  friction 

*  ZeiUtchrift    dea  Vereiiis    De^iUcher  Ligen.ienre,  1879,  vol.  xxiii. 
p.  121. 
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of  turbine  shafts,  including  the  resistance  of  all  the 
bearings  and  stuffing-boxes,  &c. 

To  determine  this  frictional  resistance  a  cord  was 
passed  round  the  driving-wheel  or  pulley  on  the  turbine 
shaft,  and  to  the  free  end  weights  were  attached  until 
the  turbine  was  set  slowly  in  motion.  In  this  way  the 
co-efficient  of  friction  when  the  wheel  was  nearly  at  rest 
could  be  determined,  and  the  same  co-efficient  was  em- 
ployed to  calculate  the  power  absorbed  by  friction  at  the 
usual  speed  of  the  motor.  As  the  co-efficient  of  friction 
for  shafting  at  rest  is  in  nearly  all  cases  greater  than  when 
it  is  in  motion,  the  results  thus  obtained  by  Mr.  Lehmann 
err  if  anything  on  the  safe  side. 

The  following  is  a  summary  of  the  conclusions  arrived  at  : 

(1)  For  Axial  Turbines  with  vertical  solid  shaft, 
ordinary  footstep,  and  leather  collar  in  the  guide-wheel 
cover,  with  bearings  from  1  to  2*8  inches  diameter — 

Loss  by  friction,  with  full  admission,  1*4  to  24  per  cent. 

„    half         „         23  „  3-6       „ 

(2)  For  Axial  Turbines  with  vertical  hollow  shaft, 
Fontaine's  overhead  bearings,  and  no  leather  collar,  with 
bearings  from  3*2  to  4'8  inches  diameter — 

Loss  by  friction,  with  full  admission,  1*6  to  3*2  per  cent. 

„    half         „         2-3  „  6-4        „ 

(3)  For  Axial  Turbines  with  vertical  solid  shaft,  collar 
bearings,  and  leather  collar  in  the  guide-wheel  cover,  with 
bearings  from  1*6  to  2'8  inches  diameter — 

Loss  by  friction,  with  full  admission,  2*1  to  3*4  per  cent. 

„    half  „        27  „  47        „ 

(4)  For  Radial  Outward-flow  Turbines  with  vertical 
solid  shaft,  and  step  bearings  without  stuffing-boxes,  with 
bearings  from  1*8  to  3*6  inches  diameter — 

Loss  by  friction,  with  full  admission,  0*8  to  1  per  cent. ; 
with  bearings  from  1*8  to  2*4  inches  diameter — 
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Loss  by  friction,  with  half  admission,  05  to  0*9  per  cent. 

(5)  For  Badial  Outward-flow  Turbines  with  vertical 
hollow  shaft  and  Fontaine's  overhead  beaiings,  with 
bearings  from  2  to  32  inches  diameter — 

Loss  by  friction,  with  full  admission,  0*9  to  1'2  per  cent 

(6)  For  Radial  Inward-flow  Turbines  with  vertical  solid 
shaft,  step  bearing  with  stuffing-box  and  leather  collar 
in  guide-wheel  cover,  for  bearings  from  2  to  2*8  inches 
diameter — • 

Loss  by  friction,  with  full  admission,  0*9  to  1*1  per  cent. 

(7)  For  Radial  Inward-flow  Turbines  with  vertical  solid 
shaft,  collar  bearings,  and  without  leather  collar,  for 
bearings  from  2*4  to  3*2  inches  diameter — 

Loss  by  friction,  with  full  admission,  1'3  to  17  per 
cent. 

(8)  For  Radial  Outward-flow  Impulse  Turbines  with 
horizontal  axis  and  ordinary  bearings,  with  bearings  from 
1*6  to  3*6  inches  diameter — 

Loss  by  friction,  1  to  1*6  per  cent 

A  few  experiments  with  bearings  of  lignum  vitae  showed 
that  with  this  material  the  friction  was  considerably  higher 
than  with  met^l. 

All  the  experiments  were  undertaken  with  the  motors 
in  their  ordinary  condition  and  with  the  usual  lubrication, 
while  the  weight  of  the  water  in  the  wheel,  and,  for  axial 
turbines,  its  downward  pressure  on  the  vanes,  was  taken 
into  account  in  calculating  the  total  friction. 

The  pressure  on  a  parallel-flow  turbine  tending  to 
increase  the  shaft  friction  is  made  up  of  two  factors,  (1) 
the  excess  of  pressure  (Pi— ^^2)  ^^  *'be  inflow  acting  on 
the  horizontally  measured  area  of  the  buckets,  and  (2) 
the   force   resulting   from   the   deflection   of  the   stream 

IY=       (c  cos   a  —  c^  COS  02)  for  the  unit   of  weight). 
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In  rkiiiftl-&>v  inrbines  this  source  of  increased  friction  is 


T.'  -.ijjkbce  impoUe  toibines  to  be  used  with  very  low 
he.feis^  which  vouM  otherwise  be  impracticable  on  account 
<•{  ;L^  Tciy  sQUkU  depth  of  water  left  above  the  guide- 
apfontns.  Ginml  devised  a  process  to  which  he  gave  the 
aK^ve  somewhat  cumbrous  title. 

This  prvvess  consists  in  endodng  the  turbine  in  a 
ctjksing  dipping  below  the  surfiioe  of  the  tail-water  and 
primping  in  air  until  the  level  is  sufficiently  depressed  to 
allow  the  nc>:essaiy  clearance  for  the  wheel,  while  keeping 
tho  lower  edge  of  the  latter  at  or  below  the  original  tail- 
rv.v  leve^  In  this  way  it  is  possible  to  maintain  a  depth 
v^f  wtMor  over  the  turbine  which  would  otherwise  be 
rwiu.X'i  by  the  required  clearance.  There  is  no  actual 
^in  of  hea^l  by  this  pixKess,  as  the  water  issues  from  the 
^uide  oritices  against  a  pressure  which  exceeds  that  of 
the  atmv>spheie  in  proportion  to  the  clearance  obtained ; 
the  a^l  van  I  Ago  achieveil  consists  solely  in  the  avoidance 
K^(  the  disturbances  arising  when  the  depth  of  fluid 
over  the  wheel  is  very  small,  which  cause  air  to  be 
drawn  in  with  the  water  and  interfere  with  its  proper 
action.  When  once  the  tail- water  level  has  been  depressed, 
only  sufficient  air  has  to  be  further  supplied  to  compensate 
for  leakage. 

Hydropneumatization  has  not  been  adopted  in  practice 
to  any  considerable  extent,  as  it  is  complicated  and  ex- 
pensive, and  the  power  necessary  to  replace  the  air  lost 
by  leakage  is  very  appreciable. 
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Girard  lurhine  with  Draft  Tube. 

Ill  Vol.  III.  of  the  Ammles  du  Conservatoire  des  Arts 
ct  Mrficrs  (1891,  p.  291),  a  description  is  given  of  an 
interesting  installation,  designed  with  a  view  to  combining 
the  advantages  of  the  draft  tube  with  those  of  the  impulse 
turbine. 

It  was  necessary,  owing  to  the  special  circumstances  of 
the  case,  to  place  the  turbine  at  a  considerable  height 
above  the  tail- water  level,  and  this  entailed  the  use  of  the 
draft  tube.  In  order  to  employ  this  in  connection  with 
an  impulse  wheel,  the  column  of  water  in  the  tube  is 
allowed  to  sink  a  few  inches  below  the  lower  edge  of  the 
wheel,  and  is  maintained  at  that  level  by  means  of  a 
regulating  device  consisting  of  a  float  in  connection  with 
a  small  air-valve.  When  the  water  rises  too  far  in  the 
tube,  the  valve  is  opened  and  admits  air  above  the 
column,  slightly  increasing  the  pressure  there,  so  that  the 
column  sinks  again. 

By  this  means  the  wheel  works  as  an  impulse  icheel  in 
a  partial  vacuum,  and  of  course  the  velocity  of  flow  from 
the  guide  passages  corresponds  to  the  increase  of  head 
due  to  the  vacuum,  and  compensates  for  the  height  at 
wliich  the  turbine  is  placed  above  the  tail-water. 

The  principle  involved  is  really  the  same  as  that  of 
hy<lropneumatization,  only  the  air  pressure  is  less  than 
that  of  the  atmosphere,  and  the  tail-water  level  is  raised 
instead  of  being  depressed. 

Gover7iors. 

Centrifugal  governors  when  used  with  turbines  have 
to  be  of  the  indirect  axiing  class,  that  is,  the  governor 
does  not  itself  work  the  regulating  mechanism,  but  merely 
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put  it  into  gear  with  a  shaft  driven  by  the  motor  itself, 
so  that  the  latter  exerts  the  force  required  for  regulation. 
This  indirect  action  is  rendered  necessary  by  the  very 
considerable  power  which  has  generally  to  be  exerted  to 
move  the  regulating  mechanism  of  turbines.  In  some 
of  these  the  governor  acts  on  reversing  clutches  which  it 
throws  in  and  out  of  gear;  in  others  a  balanced  valve 
is  employed  which  admits  water  under  pressure  to  either 
side  of  a  piston  actuating  the  regulating  mechanism  of  the 
turbine. 

The  residual  velocity  of  the  water  leaving  the  wheel 
has  also  been  utilized  for  governing  turbines  by  acting  on 
an  auxiliary  small  wheel. 

When  turbines  are  used  for  driving  dynamos,  a  good 
governing  mechanism  is  of  great  importance,  while  a 
reduction  of  the  efficiency  at  part  gate  is  of  less  moment 
than  the  maintenance  of  a  constant  speed. 

A  balanced  cylindrical  sluice-gate  is  in  such  instances 
probably  the  best  foim  of  regulator,  used  in  conjunction 
with  an  inward-  or  outward-flow  radial  turbine,  subdivided 
by  partitions  perpendicular  to  the  axis. 

As  previously  explained,  a  sluice  on  the  draft  tube  of 
a  Jonval  turbine  does  not  act  very  rapidly,  and  when 
employed  in  connection  with  a  governor  the  construction 
must  be  such  that  a  comparatively  small  movement  of 
the  sluice  causes  a  considerable  alteration  of  the  outflow 
orifice. 


Medium  quantity  of 
water  and  medium  fall 

where  :: 

c 

greater  than  2  and  lem  than  14  iq.  ft 


75*to70' 

, 74J*'to78' 

..    1*5  to  0*5,  usually  about  1    ... 


A'j  from  Table  I. 


Small  quantity  of  water 
and  high  fall 

where  - 

leea  than  S  eq.  ft 


.76'*  to  78'. 
.77"  to  74^ 


1  '5  to  0*5,  usually  about  1 


.JSTi  from  Table  I. 


r  a^ 


^Tm^ay  betoken        ^"''  ^"^^"^"^  ^''^'''^  ^i  =  0-67. 


J 


I 


I 


..68  torn  cubic  b«t... 

6  to  ae  feet 

flfl°to72* 

«°to74° 


,.  S5  to  SS  osUo  fM. 

2d  to  40  feet. 

7Z*to76*. 

74°to7r. 


...Htoeo... 
...A-toJ-... 


..  l'76to2^ 
Te  **»  B- 

4SloSl. 

A"toA". 

—  tol 

fi-6       6 

1        1 


..  *T  to  B4°  54°  to  80°. 


(i 2-Bto3    2-7to8-6 

(j 


a^ 


I 


CHAPTER  IX. 

SUMMARY  OF  RULES  AND  FORMULAS  AND   NUMERICAL  EXAMPLES. 

Rules  and  formulas  : — Reaction  turbines  :  parallel-flow  ;  radial 
flow. — ImpultM  turbines  :  parallel-flow  ;  radial-flow. — Examples  : 
Jonval  wheel  No.  1  ;  Jonval  wheel  No.  2 ;  inward-flow  wheel ; 
axial  Qirard  turbine  No.  1 ;  turbine  to  work  both  as  impulse  and 
reaction  wheel,  axial  No.  2 ;  radial  outward-flow  impulse  wheel 
No.  3. 
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Numerical  Examples. 

Reaction  Turbines. 

(1)  Axial  Turbines  No,  1. 

An  axial  turbine  is  required  to  utilize  a  fall  of  13  o 
feet  and  a  quantity  of  water  210  cubic  feet  per  second. 

Data  :—h  =  IS'S  feet     Q  =  210  cubic  feet. 

Weight  of  water  per  second  G  =  Q\  =  13,109-25  lbs. 
Available  horse-power 

jf,    _  13,109-25  X  13-5  x  60  _  ^^^  300 
^*^ 33:000 '^y  ^^^ 

In  Jonval  turbines  the  width  of  the  buckets  is  the  same 
throughout.  In  the  variety  known  as  the  Henschel  wheel 
the  width  where  the  water  leaves  the  buckets  is  greater 
than  where  it  enters. 

It  is  assumed  in  the  present  instance  that  the  width  is 
to  be  constant,  or  nearly  so;  in  that  case,  as  has  been 

already  shown,  the  ratio  -j-  is  fixed  as  soon  as  the  angles 

a  and  a^  are  chosen. 

Assume  a  =  75°  and  a,  =  80'' 


A 


cos  a    _  0-259 
cos  Oji       0*174 


=  1-488,  say  1-6. 
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From   (viii),  p.  128,     1  =  _  _?  — ?1  -  for  axial  turbines 

€2        A2  Vi  cos  a 

—  =  1,  hence 

/  1 

^  =  1*5  ,-:too  =  1*008,  practically  1,  as  assumed. 

The  velocity  of  flow  c  must  next  be  determined  : — 

c  =  K^  \/2gh  =  Ki\/2  X  32-2  x  13-5  =  K^  29-483. 
On  referring  to  Table  I.  it   will   be  found   that  for 

—  =  1,  ttjj  =  80"*,  a  =  75°,  and  —  =  1*5,  the   correspond- 

ing  value  of  IC^  =  0*535,  hence 

c  =  0-535  X  29-483  =  16-773  feet  per  second. 
The  mean  velocity  of  rotation  w  can  now  be  calculated 

by(v) 

A     . 

w  =  c  —r  sin  a-; 
A2 

therefore   ^  =  c  1*5  x  sin  80°  =  1*5  X  0*985  X  15*946, 
w  =  1-477  X  15-773  =  23-297  feet  per  second, 

^  to  23-297       ^^         , 

or  Ag  =      / — -.  =  ^--— -   =  0*8  nearly. 

^2gh       29-483  ^ 

10  may  also  be  graphically  determined,  by  the  construction 
so  frequently  referred  to,  as  one  side  of  a  right-angled 
triangle  of  which  the  hypothenuse  Cg  and  one  of  the  angles 
a,  =  80°  is  given,  vide  Fig.  60  (p.  134). 

A 

c^  =  c  —  =  15-773  X  1-5  =  23*659  feet  per  second. 
A2 

It  will  be  instructive  to  compare  the  values  so  far 
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obtained  with    those   resulting  from   other    preliminary 
assumptions,  for  instance, 

a,  =  75°  and  a  =  75°. 

A 

In  this  case  "7  =  1  (since  cos  a^  =  cos  a) ;  from  Table  I., 

Ki  =  0-666,  hence 
c  =  0-665  X  29-483  =  19-606, 

and  K,  =  0665  x,l  X  siii  75°  =  0-665  x  0*966  =  0642 ; 
therefore  w  =  0*642  x  29-483  =  18-928  feet  per  second. 

From  this  it  is  evident  that  a  very  much  lower  speed  is 
necessary  in  the  second  case  than  in  the  first.  The  head 
and  quantity  of  water  assumed  are  the  same  as  for  the 
"Qoeggingen"  turbine  in  Table  A,  for  which  the  best 
experimental  results  are  there  given ;  on  reference  to  these 
it  will  be  seen  that  the  experimental  value  of  JC^  ^gr^^s 
very  well  with  that  last  calculated,  for  a  =  75°  and  o^  = 
75°.  The  angles  of  the  vanes  for  the  turbine  in  question 
are  not  given,  but  from  the  correspondence  in  the  values  of 
K2  it  is  probable  that  a  and  a^  are  somewhere  near  75° ; 
for  the  sake  of  further  comparison  the  calculation  will  be 
continued  with  the  figures  obtained  on  this  assumption 
instead  of  those  first  proposed. 

The  next  step  is  to  ascertain  the  angle  a^]  this  when 
designing  can  be  done  most  conveniently  by  the  graphic 
method,  vide  Figs.  61  and  62  (p.  135). 

By  formula  (ix)  tang  a^  =  tang  Oj  —  tang  a,  since  in  this 
instance  Og  and  o  are  equal ;  tang  Oj  =  0,  and  therefore  Oj 
=  0,  that  is  to  say,  the  relative  direction  of  entrance  is 
parallel  with  the  axis  of  the  turbine. 

The  effective  area  of  the  guide  passages 
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Had  the  first  assumptions  been  adhered  to  for  which  c  = 
15*773,  it  is  clear  that  the  area  A  must  have  been  greater 
and  the  wheel  altogether  larger. 

For  medium  falls  and  quantities  of  water  the  empirical 
formula  may  be  used — 

r  =  1-25  to  1»^^A3; 
say         r  =  1-25  y^l07  =  1*25  x  3-3  =  4126  feet, 

or  d  =  8*25  feet,  the  mean  diameter. 

* 

The  Jonval  turbine  in  the  table  referred  to  has  a  mean 
diameter  of  8*036  feet ;  for  the*turbine  under  consideration, 
d  =  6  feet  may  be  assumed,  or  r  =  4  feet. 

The  number  of  guide-  and  wheel-vanes  is  respectively 
36  and  38  for  the  wheel  actually  constructed,  and  the 
same  numbers  may  be  adopted  for  the  subsequent  calcu- 
lations— 

2  =  36 ;  ;?!  =  38. 

Assuming  the  vanes  to  be  of  cast-iron,  they  may  be 
taken  as  having  a  thickness  of  J  inch  at  the  extremities, 
^  =  J  in.,  ti  =  ^  in.  From  the  preceding  data  the  width 
e  of  the  guide  passages  can  now  be  found  from 

A . 

cos  a ' 


e  = 


2  r  U  cos  a—z  t^z^  t^ 


cos  a. 


t  and  ^1  must  of  course  be  expressed  as  fractions  of  a  foot, 
as  the  foot  is  the  unit  employed  for  other  measurements ; 

t  =  t^  =  -^  foot. 

10*7  10*7 


c  = 


36       38        0-259  ■ 
2513  X  0*259  -   24^-"2r^     1~ 

e  =  2*326  feet  =  say  2  feet  4  inches. 


4-6  • 
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The  turbine  of  which  the  particulars  are  given  in  the 
table  has  a  width  of  only  1  foot  5}  inches ;  it  is  evident 
from  this  that  the  angles  a  and  o^  must  be  less  than  has 
been  assumed ;  it  will  be  noted  on  reference  to  Table  I. 
that   for  equal   values  of  a   and  a^   with   a  given   ratio 

— ,  the  co-efficient  AT,  is  very  nearly  the  same  in  all  cases, 
A^ 

80  that  provided  a  =  a^  the  velocity  of  flow  would  remain 
very  nearly  unchanged;  for  a  =  aj  =  70°,  for  instance, 
K  =  0  672  and  K^  =  0-632. 

On  going  through  the  calculations  again  with  these 
values  it  will  be  found  that  ' 

e  =  1*65  feet  =  1  foot  7*8  inches. 

This  is  not  very  different  from  the  width  of  the  Jonval 
turbine  in  question,  and  if  the  vanes  were  of  wrought-iron, 
and  therefore  thinner,  the  agreement  would  be  closer. 

The  calculated  efficiency  with  a  =  a^  =  70°  is  80  per 
cent,  that  actually  obtained  83  per  cent,  including 
friction. 

This  proves  that  the  co-efficients  of  resistance  Ci  *'^"d 
C2  for  this  wheel  were  in  reality  lower  than  has  been 
assumed,  and  accounts  for  the  best  speed  as  proved  by 
experiment  being  somewhat  greater  than  that  determined 
by  calculation,  in  the  ratio  of  0*642  to  0*632  approximately. 

It  has  been  assumed  throughout  that  e^  =  4.  To  allow 
for  inaccuracies  in  erection  and  vibration  it  is  usual  in 
practice  to  make  the  width  e^  of  the  wheel  slightly  greater 
than  that  e  of  the  guide  passages ;  this  clearance  ranges 
from  \  to  f  inch. 

To  insure  agreement  with  the  preliminary  assumptions 
as  far  as  possible,  e^  may  be  calculated  from 

A. 


c,  = 


2  r  n  cos  Og  —  Sj  t^ 
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(where  in  the  present  case  A^  =  A),  and  its  value  will  be 
found  slightly  less  than  that  of  e,  if  the  thickness  of  the 
ends  of  the  vanes  where  the  water  leaves  the  wheel  is  the 
same  as  where  it  enters;  substituting  numerical  values 

10-7 


e,  == 


—  =  2172  feet, 


2513  X  0-259  -  ff 

Cj  =  2  feet  2  -^  inches. 

If,  however,  e^  is  made  exactly  the  same  as  e,  then  the 
assumed  condition  A  =  A^  may  be  complied  with  by 
altering  the  thickness  t^  of  the  vanes  where  the  water 
leaves  them. 


Reaction  Turbines, 

(1)  Axial  Turbines  No.  2. 

A  Jonval  turbine  is  to  be  designed  for  a  fall  of  15  feet 
and  to  utilize  136  cubic  feet  of  water  per  second. 
Assumed  value  of  a    =  73°  30', 

,,        a,  =  74°  30'. 
A    __  cos_a^       0-284 
A^        cos  a. 


0-267 


=  1064. 


/■ 


2gh 


Velocity  of  flow  c  =  ^  2  x  1-064  x  0959  x  0964  + 


0125  +  1-132  X  0-271 ' 
K,  =  0  646.    

c  =  0-646  s/ 2g\i   =   0646    X    31   =  20-026   feet  per 
second,  say  20  feet  per  second. 

Velocity  of  rotation  w  —  K^  \/2gh, 
K^  =  0-646  X  1-064  x  0964  =  0662. 
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w  =  0-662  X  31  =  20-62  feet  per  second. 
ta7ig  ttj  =  3-606  -  3-376  =  0*230. 


A  = 


136 

20 


=  6*8  square  feet. 

Q 


r  =  1*25  V  A  (since  —  less  than  16  sq.  ft.). 

r  =  1-25  y/~6^  =  1-25  x   2-6   =  3-26  =  3  ft.  3  in.,  or 
diameter  =  6  feet  6  inches. 


P  =  JL  =  39 


Z       = 


4*5       4*5 

3-1416  X  6  ft.  6  in. 


say  9  inches. 

245" 


9  in. 

t,  =  2;  4-  1  =  28. 
t    =  f "  =  0-03  ft. 
/,   =  f  =  0-03  ft. 


9" 


=  27. 


6-8 


20-42  X  0-284  -  27  X  0-03  -  28  x  0*03  x 


0-284 
0-974. 


e    = 


6-8 


5-8  -  0-81  -  0-24 
e    =  1  ft.  21^  iu. 
1 


6-8 
'4-695 


=  1-236  ft. 


^2"  1-064 


c,  = 


X  6-8  =  6-39  sq.  ft. 
6-39 


-±-       nQr=  ^'386  ft.  =  lft.4|in. 
o-4o  —  0*84 


39" 


Ci  =  c  4"  fr  =  1  ft.  3  in. 

The  depth  of  wheel  A,  =  -^  =  ?^  =  say  8".    It  is  very 

usual  to  make  the  depth  h^  of  the  guides  the  same  as  that 
of  the  wheel,  and  in  this  case  ¥  =  8".  Some  engineers 
make  ?(}  f  to  ^  h^.     To  some  extent  the  depth  of  the 

guides  and  wheel  must  depend  on  the  pitch  of  the  vanes ; 

u 
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with  an  exceptionally  large  pitch  in  proportion  to  the 
diameter,  a  greater  depth  than  usual  would  be  necessary 
in  order  to  insure  the  water  being  sufficiently  guided 
between  the  vanes  and  given  the  required  direction  of 
flow. 


Reaction  T'urhines. 
Inward  Mixed-Flcno  TurVinc, 

A  fall  of  30  feet,  with  a  quantity  of  water  equal  to  120 
cubic  feet  per  second,  is  to  be  used  for  driving  a  turbine 
of  the  inward  mixed-flow  class. 

The  water — it  is  assumed — enters  radially  and  leaves 
axially. 

Owing  to  the  nature  of  the  ground  and  surroundings 
the  water  has  to  be  conducted  to  the  wheel  through  a 
wrought-iron  pipe  having  a  length  I  of  about  50  feet, 
consequently  a  certain  amount  of  loss  by  friction  is  incurred 
before  the  water  enters  the  turbine. 

This  loss  may  be  approximately  calculated  by  the  well- 
known  formula  for  pipe  friction  when  the  diameter  of 
the  pipe  has  been  determined.  The  velocity  c^  in  the 
pipe  may  be  taken  as  5  feet  per  second,  and  the  area  of 
the  pipe  must,  in  that  case,  be 

A  =  — —  =  24  square  feet, 
5 

whence  the  diameter 

d  =  say  6*6  feet. 

The  loss  of  head  from  friction  is  given  by  the  formula 

L  =  0025  '^  ^; 
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and  when   the   numerical  values  above  given  are   sub- 
stituted— 

L  =  0-025  4^^  ~    =  0-088  foot. 
5*0  64*4 

This  is  so  small  a  proportion  of  the  total  head — only  0  29 
per  cent. — that  in  calculating  the  velocity  of  flow  it  may 
safely  be  neglected.  If  there  are  no  sharp  bends  or  other 
sources  of  loss  in  the  pipe  (and  this  in  the  present  instance 
is  assumed  to  be  the  case),  the  co-efficient  of  velocity  K^ 
•  may  be  taken  from  Table  No.  I.,  or  calculated  from  one  of 
the  formulas  given — that  in  which  the  hydraulic  efficiency 
occurs  is  the  best  for  practical  purposes,  a  value  of  c  being 
employed  which  has  been  proved  by  experience  to  be  safe 
for  a  well-designed  wheel. 

Should  the  losses  before  entering  the  wheel  be  con- 
siderable, say  5  per  cent,  then  it  would  be  necessary  to 
take  into  account  their  eflfect  on  the  velocity  of  flow  c. 
This  can  most  easily  be  accomplished  by  using  a  value 
of  the  efficiency  less  by  5  per  cent,  than  that  otherwise 
employed  in  determining  the  velocity  of  flow;  instead 
of  81  per  c.ent.,  for  instance,  only  76  per  cent. 

Returning  now  to  the  design  of  a  mixed-flow  turbine 
for  the  given  fall  and  quantity  of  water,  the  angles  a  and 

a^  and  the  ratios  -j-  and  — *  may  be  assumed  as  follows : 

a  =  76°;  02  =  70°; 

4  =  0-76;  ^  =  f 

The  angle  a^  of  outflow  from  the  buckets  is  taken  as 
greater  than  a,  the  angle  of  outflow  from  the  guides,  in 
order  to  avoid  a  very  great  width  of  bucket. 

It  must  be  understood  that  the  assumed  values  apply 
to  the  mean  angle  of  each  stream  of  water  issuing  from  a 
passage. 
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Referring  to  Table  No.  I.,  the  value  of  K^  corresponding 
to  the  preceding  assumptions  will  be  found  to  be 

Zi  =  0-663. 

The  theoretical  velocity  due  to  the  head  is 

V  =  \/2gh  =  43-963, 
whence  c    =  K^  V  =  28-70. 

The  effective  area  of  the  guide  passages, 

G        120 
A  =  -  =  9q77()  =  say  ^'«  square  feet. 


e. 


.  .    ,      ^'1  TyA    cos  Oj 

Approximately  ~  =   ~  ~j 


0  66; 


this  is  a  perfectly  practicable  ratio,  so  that  the  calculations 
may  be  proceeded  with  on  the  above  basis. 
The  outer  radius  of  the  wheel 

Ty  =  1-25  \/a  =  1-25  X  2049, 
or  say  r^  =  2*6  feet. 

^2  =  t  n  =  I3  foot. 
The  pitch  of  the  guide-vanes  at  the  radius  r^  may  be 
taken  as 

^      Ti       2-5 

say  P  =  0-625  foot  =  7^  inches. 

Number  of  guide-vanes 

2nri 


z  = 


=  26. 


True  pitch  P  =  0-6284  foot  =  7-640  inches. 
Number  of  wheel-vanes 

Zy  =:  0'*J  z  =  say  18 ; 

this  is  perhaps  rather  a  small  value  of  z^,  resulting  in  a 
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somewhat  large  pitcli  for  the  wheel-vanes,  and  it  will  be 
better  to  make 

2?!  =  20. 

The  relative  angle  of  inflow  a^  can  be  determined 
graphically  or  by  the  formula 

A  r,  sin  a^ 
tang  a.  —  -z *  —  tang  a, 

whence  tang  a^  =  4-0826  -  3-7320  =  0*3506, 
and  a,  =  19°  20'. 

It  will  be  found  on  drawing  out  the  vanes  that,  for 
the  same  mean  angles  a  and  o^,  the  depth  available  for 
the  passage  of  the  stream  flowing  between  two  guide- 
vanes  is  least  when  it  is  taken  as  the  shortest  distance 
X  between  them  (measured  as  explained  in  Chapter  V., 
p.  122),  and  as  this  method  of  gauging  the  outflow  areas 
agrees  best  with  practical  results,  it  will  be  here  adopted. 

Taking  the  thickness  of  the  guide-vanes  as  about  f 
inch,  it  will  be  found  on  drawing  out  the  curves  that  the 
depth  of  each  stream  is 

X  =  If  inch  =  0-1146  foot, 
and  the  depth  s^  obstructed  by  each  passing  wheel-vane 

«i-ih  i^ch  =  00078  foot. 
Tlie  width  of  the  guide  passages  must  therefore  be 

A 

^  "  0-9  (25  X  01145  -  18  X  0-0078), 

^  ==   0-9  X  2-724  =  ^'^^^  ^^^^- 
a  co-eflicient  0*9  being  allowed  for  contraction. 

As  the  water  leaves  axially,  the  wheel-vanes  can  be 
made  parallel  at  the  outlet,  so  that  no  contraction  need  bo 
allowed  for.  The  distance  ic^  between  the  vanes  is,  as 
measured  from  a  drawing, 

x.y   =  1*91  inch  =  0-1691  foot. 
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The  area     A^  =  ^  A  =  56  square  feet, 


whence 


5-6 


^2    -  20  X  0-1591 


=  1-767  foot. 


If  the  outflow  is  entirely  axial,  this  width  of  buckets 
would  make  the  greatest  diameter  at  the  outflow  3-333  + 
1*757  =  5*087  feet,  that  is,  larger  than  the  diameter  at  the 
inflow,  and  although  there  are  some  American  turbines 
constructed  in  this  way,  it  is  in  the  author's  opinion  very 
undesirable,  as  either  that  portion  of  the  water  entering  at 
the  lower  edge  of  the  buckets  has  to  make  a  very  sharp 
turn  to  fill  the  outflow  orifices,  or,  what  is  more  probable, 
the  outflow  orifices  are  only  partially  filled,  and  then  an 
element  of  uncertainty  is  introduced  into  the  design. 

Under  these  circumstances  it  will  be  preferable  to 
make  the  outflow  inclined,  with  both  a  radial  and  axial 
component,  but  more  nearly  radial  than  axial.  The  same 
amount  of  contraction  may  then  be  allowed  for  as  at  the 
inflow.  On  setting  out  the  vanes  again  to  suit  this 
modification  in  the  design,  the  depth  x^  will  be  found  as 

a?2  =  l}f  inch  =  01614  foot, 

and 

5*6 

=  206  feet. 


^2  -  0-9  X  20  X  01514 


The  co-efficient  of  speed 

7*  A. 
2  ^nA^  2  1 

K^  =  0  690. 


sin  (a  +  Ci) 


COB  a, 


The  two  methods  of  calculation  afford  a  check  on  the 
accuracy  of  the  calculation  or  construction  of  the  angles. 

It  is  not  necessary  to  calculate  JT,,  as  Wy^  the  velocity  of 
rotation  can  be  obtained  by  graphical  methods,  and  if  the 
construction  is  correct  the  inflow  should  be  without  shock 
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and  the  outflow  radial.     The   velocity  of  rotation    (by 
whichever  method  determined)  is 

Wy  =  0-690  V  =  30*327  feet  per  second ; 

hence  the  number  of  revolutions  per  minute, 

30-327  X  60      , ,  ^  ^ 

^  =  -T57r-  =  ^^^®' 

or  say  n  =  116  revolutions. 

The  available  power, 
JB^p  =  30  X  120  X  0-1135  =  4086  horse-power, 

and  assuming  the  efficiency  to  be  75  per  cent,  the  work 

done, 

jr,p  =  306-46. 

The  total  work  done  by  the  motor  per  second  may  be 
theoretically  calculated  by  the  formula 

G     r  A     . 
W  =  —  c2  —  -y  sin  a  sin  a„  (foot  lbs.), 

whence  W  =  195,7423    foot    lbs.  =  366*9    horse-power, 
and  the  hydraulic  efficiency 

355*9 
€  =  TTioTp  =  0*87  or  87  per  cent. ; 

allowing  3  per  cent,  off  this  for  friction,  the  actual  efficiency 
of  the  wheel  would  be 

6^  =  84  per  cent. 

In  a  wheel  of  the  radial  mixed-flow  type,  it  must  not  be 
forgotten  that  the  guide-  and  wheel-vaiie  angles  are  much 
greater  than  the  mean  angles  of  outflow  from  the  guides 
and  buckets  respectively;  in  the  present  case  the  vane 
angle  for  the  guides,  as  measured  from  a  drawing,  is 

a  =  82°, 

while  that  for  the  buckets  is 

Oo  =  83  • 
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For  the  quantity  of  water  and  head  given  it  would  be 
better  to  give  the  turbine  a  larger  diameter  than  that 
assumed,  and  thus  reduce  the  width  of  the  guide  passages 
and  buckets.  It  would  then  be  possible  to  make  the 
outflow  axial,  or  nearly  so,  without  any  abrupt  change  in 
the  direction  of  flow,  and  at  the  same  time  avoid  the 
necessity  of  allowing  for  contraction  in  the  bucket  orifices. 

By  making  the  angles  a  and  a,  less  than  has  been 
assumed  the  dimensions  of  the  motor  could  be  still  further 
reduced,  and  although  this  would  involve  some  increase  in 
the  residual  velocity  and  of  the  unutilized  energy  due  to 
it,  there  would  probably  be  no  loss  of  efficiency,  as  the 
^orm  of  the  guide  and  bucket  passages  would  be  more 
favourable,  the  changes  in  sectional  area  being  less  abrupt 
than  with  the  greater  angles. 


Impulse  Turhirie. 

(1)  Axial  No.  1, 

A  Girard  turbine  is  required  to  utilize  a  quantity  of 
water  of  176  cubic  feet  per  second,  with  a  fall  of  10  feet ; 
the  wheel  must  be  of  the  parallel-flow  type  with  vertical 
shaft. 

§=  176;  h  =  10. 
a  assumed  =  64°. 

Aa  „  =1  foot. 
As  the  fall  is  moderate  the  water  may  be  conducted  to 
the  wheel  through  a  casing  or  tube  of  sufficiently  large 
area  to  render  the  loss  in  it  by  friction,  before  the  water 
enters  the  guide  apparatus,  practically  negligible,  so 
that  Z  =  0, 
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The  effective  bead  H  is  therefore  A  —  Ag  =  10  —  1  =  9, 
and  the  velocity  of  flow  from  the  guide  passages 

c  =  0'95^/2g  9  =  22871  feet  per  second. 
The  area  of  outflow  of  the  guide  passages 

^  =  OWe  =  20^355  =  ®'^*®  'l"'''"^  ^^^^- 
The  mean  radius  of  the  wheel  may  be  taken  as 

♦  r  =  1-4  V  ^  =  1-4  X  2-94  =  4-116  feet; 

consequently  the  diameter  =  8'236,  say  8  feet  3  inches. 
The  pitch  of  the  guide-vanes 

r 
P  =  :r7:  =  say  5  iuchos ; 

hence  z  =  -^  =  62. 

The  turbine  No.  7  in  Table  B,  actually  constructed  for  the 
assumed  conditions,  has  64  guide-vaues,  and  as  within 
reasonable  limits  «  is  a  matter  of  choice,  to  facilitate 
further  comparison  it  may  be  given  the  same  value. 

The  thickness  of  the  guide- vanes,  which  should  be  of 
wrought-iron  or  steel,  may  be  assumed  as 

t  =  yV  inch  =  0-026  foot. 
The  clear  width  of  the  guide  passages 

^  ^  A  8-646 

2Urco8a''  zt      11*353  -  64  x  002G' 

e  =  0-892  feet  =  10-7  inches. 
«i  =  (approximately)  2  a-  90°  =  128'^  -  90'  =  38°  (-) 

*  As  the  nile  for  determining  r  is  empirical,  the  factor — ranging 
from  125  to  1*5 — has  been  chosen  bo  as  to  give  a  result  agreeing 
with  turbine  No.  7  in  Table  B. 
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sin  (a  +  a,) 
w  =  c    ^ — !— y  = 

cos  a, 


22-871    X    0-556  =   12-716    feet 


per  second,  should  in  designing  be  determined  graphically. 

Ci  =  w  =  12-716. 

h^  =j=  say  10"  =  0-833  feet. 


c^  =  0-96  ^  "(12-716)  2~+"64-4x~0-833 
=  0-96  ^2iM3. 

(?  =  11'086  feet  per  second. 

True  value  of  a^  for  vertical  outflow  calculated  by 

w      12-716 


sin  Oo  =  —  = 


Cg       14-086 


0-903 ; 


a^  can  bo  conveniently  ascertained  graphically 

a,  =  64°  30'. 

The  assumed  value  of  a^  was  66°,  and  if  vertical  outflow 
is  to  be  rigidly  adhered  to,  a^  must  be  revised.  For  prac- 
tical purposes,  however,  it  is  suflSciently  accurate.  The 
outflow  merely  deviates  very  slightly,  almost  inappreciably, 
from  the  vertical  direction ;  the  originally  assumed  values 
may  therefore  be  retained.  For  the  turbine  No.  7  in  the 
table,  tti  =  40"  instead  of  38°.  The  velocity  w  of  this 
wheel  has  the  ratio  0500  to  the  theoretical  velocity  of 

flow  /^2gh ;  it  will  be  interesting  to  compare  this  with 

the  result  obtained  above.     It  was  found  that 

w  =  0-556  c  =  12-716. 

The  theoretical  velocity    V  =  ^64  4  x  10  =  25-376, 

w  ^  12-716 
V 


hence 


=  0-601 ; 


25-375 

from  this  it  will  be  seen  that  the  agreement  is  very  close. 

For  Zi,  as  for  2;,.the  number  given  for  turbine  No.  7  in 
the  table  may  be  assumed,  Zi  =  60. 
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ti  and  ^2  CAii  ^  taken  as  equal  to  t, 

t^:=,t^^t^  ^5^"  _  0026  foot. 

The  ratio  of  the  width  at  outflow  to  that  at  inflow, 
should  be  calculated  by  the  accurate  formula 


^2  —  ^1  <^i  /2  n  r  cos  Oj  —  Zi  ti 


Xo 


Cg  \2  n  r  COS  Ojj  —  2:1 1^ 


Xi  =  0*9  and  x^  =  0*7,  both  assumed. 

It  should  be  noted  that  -^  depends  only  on  the  ratio  of  :r, ; 

x^.    The  absolute  value  of  a^  is  fixed  by  the  number  and 
thickness  of  the  vanes,  and  must  be  settled  graphically. 

e^  ^0-9  12-716  25-92  x_0-788  -^60  x  0  026 
e^      0-7  14086 '25-92  x  0-'407  -  60  x  0-026- 

3  =  1-3  X  0-903  X  2146  =  2-6. 

This  is  the  same  ratio  as   that  given  in  the   table   for 
turbine  No.  7. 
Depth  of  guides /i^  =  J  ^^  =  f  10"  =  71". 


Impulse  Turhme. 
(1)  Aodal  No.  2. 

A  turbine  has  to  be  constructed  to  utilize  a  fall  of  water 
subject  to  the  following  conditions : — 

During  nine  months  of  the  year,  on  the  average,  the 
available  head  is  11  feet  and  the  quantity  of  water  106 
cubic  feet  per  second ;  for  the  rest  of  the  year  (in  times 
of  flood)  the  head  is  9  feet  and  the  quantity  of  water  114 
cubic  feet. 

It  will  be  seen  by  comparing  the  products  of  the  head 
and  quantity  of  water  in  the  two  cases,  that  the  power 
available  is  less  during  times  of  flood  with  the  smaller 
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head  and  greater  quantity  of  water;  as,  however,  this 
state  of  affairs  only  lasts  for  three  months  out  of  the 
twelve,  it  is  desirable  that  the  turbine  should  be  designed 
chiefly  with  a  view  to  suit  the  normal  conditions,  but  at 
the  same  time  to  give  a  reasonably  good  efficiency  in  times 
of  flood.  The  diminution  of  the  head  in  the  latter  period 
is  almost  entirely  due  to  the  rise  of  the  water-level  in  the 
tail-race,  amounting  to  2  feet.  Unless,  therefore,  the  wheel 
is  suspended  at  least  2  feet  above  the  normal  tail-water 
level,  it  must  work  drovmed  in  times  of  flood,  but  an  im- 
pulse turbine  would  give  poor  results  under  such  conditions. 
On  the  other  hand,  to  place  the  wheel  2  feet  above  the 
lower  surface  of  the  water  means  the  loss  of  over  18  per 
cent,  of  the  available  power  during  three-quarters  of  the 
year.  The  best  solution  of  the  difficulty  consists  in  so 
designing  the  turbine  that  at  ordinary  times  it  acts  as  an 
impulse  wheel,  with  the  usual  clearance  above  the  water 
surface,  while  in  times  of  flood  it  works  as  a  reaction  tur- 
bine, and  may,  without  detriment  to  its  efficiency,  be 
submerged. 

In  the  first  place,  it  is  evident,  the  guide  passages  and 
wheel-buckets  must  be  of  sufficient  area  to  allow  for  the 
flow  of  the  maximum  quantity  of  water  under  the  mini- 
mum fall,  and  therefore  with  the  minimum  velocity ;  in 
other  respects  the  proportions  must  be  determined  as  for 
an  impulse  turbine  with  free  deviation. 

As  the  wheel  has  to  run  at  all  times  at  a  constant  speed, 
matters  must,  if  possible,  be  so  arranged  that  the  hest  ^eed 
is  very  nearly  the  same  whether  the  motor  works  with 
free  deviation  or  with  reaction.  As  no  long  pipes  are 
necessary  for  leading  the  water  to  the  turbine,  and  the 
latter  can  be  placed  in  a  chamber  or  reservoir  of  relatively 
large  sectional  area,  the  velocity  of  flow  from  the  guide 
passages,  when  free  deviation  is  permitted,  may  be  taken 
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as  0'db^2gh,  and  in  order  that  the  eoDditions  as  regards 

speed  may  be  the  same  with  reaction  as  with  free  deviation, 
the  co-efficient  of  flow  JTj  must  be  so  chosen  that  the 
following  equation  is  satisfied : — 

0-95  ^{h  -  h,)  2f,  =  K,  ,j2gh,, 

where  h  is  the  maximum  and  h^  the  minimum  head,  while 
Ag  denotes  the  height  above  the  lower  water-level  of  the 
outflow  orifices  of  the  guide  passages. 

Taking  as  usual  \=^\  foot,  there  follows 

0'95v/2i7  10  =  Ky^  J^^\         and   since   tfj 

is  a  factor  common  to  both  sides  of  the  equation, 

0-95  ^JISS  =  K,  sj~^, 
whence 

K^  =  0-95  sj^~  =  0-95  X  1054., 

Ky  =  1  001,  or  say  1 ; 

that  is,  the  velocity  of  flow  when  reaction  is  used  must 
equal  the  velocity  due  to  the  head. 

To  attain  this  the  turbine  must  be  constructed  with  a 

low  value  of  the  ratio  -j,  which  can  easily  be  determined 

as  follows. 

By  the  well-known  formula — 


K. 


■,-v 


2—-  sin  a  sin  a., 

A^  ^ 


a  and  a^  may  be  chosen,  say  a  =  64*"  and  Og  =  68^.  The 
efficiency  e,  in  order  to  be  on  the  safe  side,  should  not, 
in  a  turbine  of  this  class,  bo  taken  as  more  than  75  per 
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cent.,  which,  when  friction  is  deducted,  is  equivalent  to  a 
mechanical  efficiency  of  70  to  71  per  cent.  From  the 
above  equation,  when  the  assumed  values  are  substituted, 

the  ratio  —  can  be  calculated. 

-4    ^ 6_ 

A2        K^  2  sin  a  sin  a^ 

A'_  0-75  0-75 

^'^  ^2  "^  2  X  0-899  X  0-927       1667' 

4  =  0  46. 

In  a  turbine  with  these  proportions,  it  may  be  noticed, 
the  pressure  at  the  guide-passage  orifices  will  be  slightly 
l€>8s  than  that  of  the  atmosphere,  as  otherwise  the  velocity 
of  flow  could  not  equal  that  due  to  the  head. 

The  velocity  of  flow 

c  =  0-95  sj^^^y^l^  =  1-001  ^44  x  9, 

c  =  24099,  say  24  feet  per  second. 

The  area  of  the  guide  passages  A  must  be  calculated 
for  the  largest  quantity  of  water  likely  to  pass  through 
the  wheel,  114  cubic  feet,  hence 

114 
•^  =  Q»89  X  24  ^  '^'**''  ^^^^  f®^*" 

In  determining  A,  the  formula  has  been  used  which  is 
applicable  to  Girard  turbines,  in  which  the  obstruction 
of  the  wheel-vanes  passing  in  front  of  the  guide  passages 
is  allowed  for  by  the  co- efficient  0*89  instead  of  the  method 
given  for  reaction  wheels ;  the  former  is  somewhat  more 
simple  than  the  latter  method,  and  gives  results  which  err 
on  the  safe  side. 

The  mean  radius  of  the  wheel 

r  =  1-5  \/-4  =  1-5  X  2-31  =  3-46, 
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say  r  =  3'6  feet ;  rf  =  7  feet 

The  pitch  of  the  guide-vanes  may  be  taken  as — 

P  =  —  =  say  4*6  inches, 

,          2  r  n       263-9  inches  ^o 

and  z  =  — ^ —  = — =  say  68. 

The  thickness  of  the  guide-vanes  of  wrought-iron 

t  ==  y«Y  inch  =  00269  foot 
The  width  of  the  guide  passages 

^ 5;34 ^   5-34 

^       21-99  X  0-438  -  68  X  00259       8-133* 

c  =  0-656  foot  =  7\i  inches, 
a,  =  2  X  64"  -  90°  =  38   (-). 
The  mean  velocity  of  rotation — 

,.  =  24  X  ^iM6i^--^)  =  24  X  '^^^-  -  24  x  ^-^^-^ 

cos  38°  cos  38°  0-788 

w  =  24i  X  0-556  =  13-34  feet  per  second. 

Cj  the  relative  velocity  of  inflow  =  v;. 

The  depth  of  the  wheel  h^  for  a  turbine  intended  to 
work,  as  in  this  case,  both  as  an  impulse  and  as  a  reaction 
turbine,  should  be  somewhat  greater  than  for  an  ordinary 
impulse  turbine,  since  back  vanes  are  used,  and  it  will 
be  found  in  drawing  out  the  form  of  these  that  a  greater 
length  than  usual  is  required  in  order  to  avoid  too  sudden 
curvature,  and  to  make  the  lower  ends  parallel  both  on  the 
back  and  front  side. 

It  may  therefore  be  assumed  that 

A^p  =  ^  =  say  10  inches  =  0833  foot, 

instead  of    ,  as  would  be  the  case  for  an  impulse  wheel 
o 

under  ordinary  circumstances. 
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The  relative  velocity  of  outflow  from  the  buckets  c^  can 
now  be  calculated. 

c,  =  0-96  ^y  177-9  +  64-4  x  0-833  =  096  ^^ 23154, 

Cg  =  14*60  feet  per  second. 

The  exact  value  of  a^  for  vertical  outflow  would  be 
given  by — 

whence  a^  =  66°; 

this  differs  by  only  2°  from  the  assumed  value,  so  that  the 
latter  may  be  allowed  to  remain  unaltered. 

The  ratio  of  the  width  of  the  buckets  at  the  outflow  to 

that  at  the  inflow  —  is  determined  for  the  wheel  when 

working  submerged  by  the  ratio  -j   in  conjunction  with 

the  other  dimensions.  On  the  other  hand,  when  the 
action  is  that  of  an  impulse  turbine  and  the  wheel  runs 
clear  of  the  tail-water,  the  width  C2  of  the  buckets  at  the 
outflow  must  be  sufficiently  great  to  prevent  any  possi- 
bility of  the  buckets  being  choked,  that  is,  the  proportion 
O/'g  of  the  outflow  orifice  filled  must  be  less  than  1 ;  it 
remains  to  be  ascertained  whether  these  two  conditions 
are  compatible  with  each  other. 

The  relative  velocity  of  outflow  when  the  wheel  works 
submerged  is 

c,  =^  c^-  =  24  X  0-45  =:  10-80  feet ; 

A, 

with  free  deviation  it  was  found  to  be 

Cj  =  14-60  feet. 
It  is  evident  from  this  that  if  in  the  first  case  the  water 
just  Jills  the  orifice,  in  the  second,  where  the  velocity  is 
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greater,  it  will  not  quite  fill  it,  so  that  clearance  between 
the  convex  surface  of  the  vane  and  the  water  is  insured. 
It  is  consequently  only  necessary  to  proportion  the  widths 
of  the  buckets  according  to  the  requirements  of  the  turbine 
when  working  submerged. 

When  the  section  through  a  guide  passage  is  drawn 
out,  the  depth  x  can  be  measured,  also  the  depth  s^  of  the 
portion  of  the  passage  obstructed  by  one  wheel-vane; 
similarly,  the  depth  x^  of  the  outflow  orifices  of  the 
buckets ;  then,  as  before  demonstrated — 

A  =  e  (z  X  ^  Zi  Sj) 
and  A^  =  e^  Zi  x^ ; 

whence  ~  =  "i . 

c         A        Z1X2 

Assuming  ti  =  t  =  jV  and  z^  =  60  it  will  be  found  that 

=  2-4. 


«2 


Impulse  Turbines. 
(2)  Radial  Outward-Flow  No.  3. 

A  head  of  water  h  =  690  feet  with  a  supply  §  =  16 
cubic  feet  per  second  is  to  be  utilized.  The  head  is 
measured  to  the  orifices  of  the  guide  passages.  In  this 
case — the  fall  being  very  great  and  the  quantity  of  water 
small — an  outward-flow  radial  impulse  wheel  with  hori- 
zontal shaft  is  the  most  suitable  type  of  motor.  In 
Table  B  the  particulars  of  a  turbine  designed  by  Messrs. 
J.  J.  Rieter  and  Co.  for  similar  conditions,  and  working  at 
Terni  in  Italy,  will  be  found,  and  may  be  compared  with 
the  results  of  calculation. 

The  available  power  is 

,,      590  X  16  X  62-425       ,^^,  ,  ^ 
-^  = --r =  1071*4  horse-power. 
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a  assumed  =  70°, 
a,        „        =70°. 

It  may  be  supposed  for  the  sake  of  simplicity  that  the 
pipe  conducting  the  water  to  the  turbine  is  of  such 
dimensions  that  the  loss  in  it  by  friction  is  very  small 
and  is  covered  by  using  a  lower  value  of  the  co-efficient 

with  which  \2gh  has  to  be  multiplied  to  determine  c. 
It  is  very  easy  to  calculate  the  losses  in  the  pipe  when 
the  dimensions  are  known;  with  high  falls  like  that  in 
question,  the  velocity  of  flow  in  the  pipe  may  be  5  or  6 
feet  per  second.  For  a  velocity  of  5  feet  per  second  the 
area  of  the  pipe  must  be  -^  =  3*2  square  feet  and  the 
diameter  say  2*1  feet. 

If  the  length  of  the  pipe  be  twice  the  head,  or  say 
1,600  feet,  it  will  be  found  on  calculation  that  the  total 
loss  from  friction  is  equivalent  to  a  head  of  about  5*1  feet, 
or  less  than  0*9  per  cent,  of  the  total  fall;  for  a  sharp 
bend  with  a  mean  radius  of  curvature  equal  to  the  dia- 
meter of  the  pipe,  the  loss  of  head  would  be — for  the  same 
velocity — about  0*8  of  a  foot  These  figures  make  it  clear 
that  a  co-efficient  0*92  will  amply  cover  all  losses  incurred 
up  to  the  moment  the  water  leaves  the  guide  orifices. 

c  =  0'92\/2g  590  =  179-33, 
say  c  =  179  feet  per  second. 

A  =  01  square  foot. 

For  the  inner  radius  r^  a  large  value  may  be  assumed 
in  order  to  avoid  too  great  a  number  of  revolutions : 

r,  =  13  \/a  =  13  X  0-316  =  4126, 
or  Ti  =  i  feet  1^  inch. 

The  pitch  F assumed  =  3  inches  =  025  foot. 
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Ratio  -  z=:  y  =  ^jy  assumed. 

e  =  0-4125  foot, 

or  say  e  =  6  inches  =  0*417  foot. 

Proportion  of  circumference,  exclusive  of  thickness  of 
vanes,  over  which  the  water  is  admitted 

A 0;! 

*  "  2  n  rj  «  cos  a  ""  25*920  X  0*417  x  0*342' 

<^  =  0*027. 
Number  of  vanes  in  guide  apparatus 

_  2Uri4>  _  25*920  x  0*027 
^  -        F       "  0*25 

z  =  2*8,  say  8. 

On  reference  to  the  dimensions  of  the  turbine  for 
similar  conditions  given  in  Table  B  it  will  be  seen  that 
there  are  only  two  guide  passages;  this  is  a  matter  of 
minor  importance  in  a  turbine  in  this  class.  Provided 
the  water  is  sufficiently  guided  to  leave  the  orifices 
in  the  required  direction,  the  resistance  is  reduced  by 
diminishing  the  number  of  vanes.  The  pitch  in  such 
cases  is  greater  than  the  pitch  of  the  wheel-vanes,  and 
consequently  the  proportion  of  the  depth  of  the  buckets 
occupied  by  water  at  the  inflow  must  be  taken  as  a?i  =  1. 

Adhering  to  the  calculated  number  of  guide  passages 
z  =  S,  the  corrected  value  of  <^  can  now  be  determined 
after  fixing  the  thickness  of  the  vanes;  this  latter  for 
steel  vanes  let  into  the  guide-casing  may  be  taken  as 
t  =  T^  inch  =  0*0166  foot. 

_    A  +  zte     __  0*1  +  3  X  0*417  x  00156, 
*  ~  2  n  7-1 6  c(?5  a  ~  3*708 

<^  =  0*032. 

From  this  the  corrected  value  of  the  pitch 
2  n  ri  </)       25*920  X  0*032 


P=  - 


3 


=  0*276, 
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or  P  =  83V  inches. 

This    of   course   can    be    more   simply   ascertained    by 
graphical  construction  in  a  way  requiring  no  description. 

a^  =  2  a  -  90"  =  60^ 

Qi  being  of  course  negative,  as  is  always  the  case  in 
impulse  wheels. 

The  velocity  of  the  inner  circumference  of  the  wheel 


Wi  =  c 


sin  (a  —  aj)         sin  20 

=  c 

cos  a| 

0-342 


^''  "■  0-643 


cos  50"^' 
c  =  0-682  c, 


or 


0-532  X  0-92  s/2gh  =  0*489  s/^gh ; 
u\  =  96*228  feet  per  second, 
and  also  c^  =  96*228  feet  per  second. 

The  depth  of  the  buckets  A^  =  ^2  *"  ^1  ^^y  b^  taken 
as  A^  =  i  rj  =  0-826. 

As  the  flow  of  the  water  through  the  buckets  is 
radially  outward,  an  increase  of  the  relative  velocity 
takes  place  over  and  above  that  due  to  the  additional  fall 
A'o,  and  hence 

c^  =  0-95  V^i^  ^  ^,2  _  ^f^2  +  2gh, 
or  C2  =  0-95  X  114-502  =  108777, 

the  velocity  of  the  outer  circumference  being 


"o» 


W2  = 


W,   = 


n  +  K 


r 


«^i  =  f  ^i, 


w^  =  1-2  X  95-228  =  114-27. 

The  correct  value  of  a^  should  be  given  by  the  relation 

w 

sin  Co  =  —  (for  radial  outflow).    As  Cj  is  less  than  t^2» 
C2 

it  is  evident  that  the  outflow  cannot  be  radial  with  the 

assumed  angles ;  a^  must  therefore  be  modified. 
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By  way  of  trial,  let  it  be  assumed  that 

«,  =  54°, 


then 


sin  m 
'         COS  o4 


*»   AO 


=  c  X 


0-276 
0-588 


=  0-470  c, 


or  w 


i  =  0-432\/2^  =  8418  feet  per  second;  (^2  =  0*432). 


c,  =  c 


cos  70' 


0-342 


=  c 


=  0-681  c, 


and 


cos  54"  ■"  "  0-588 
cl  =  104  feet  per  second, 
w^  =  f  ^^1  =  100-9  feet  per  second, 

c,  =  0'9o\/c,^  +  w,^  -  w,^  +  2y^„ 
c,  =  112-29. 

The  number  of  revolutions  per  minute  will  be 

Wi  X  GO 


n  = 


u\ 


2nr, 
100-9 


=  say  196 


sin  Oj  =  -  -  = 


=  0-898 


112-29 
whence  o^  =  64°. 

Referring  to  the  Table  B,  the  angle  a^  for  the  turbine 
before  mentioned  will  be  found  to  have  the  value  54" 
assumed  last,  and  the  angle  a,  calculated  from  this 
differs  by  6°  from  the  corresponding  angle  in  the  turbine 

as  actually  made.     The  proportion  -^  is  a  little  different 

to  that  adopted  in  the  preceding  calculations,  and  tliis 
modifies  slightly  the  results.  The  effect  of  these  differ- 
ences on  the  performance  of  the  turbine  is  not  great ;  the 
calculated  velocity  of  rotation  agrees  very  well  with  that 
adopted  by  the  makers,  as  may  be  seen  by  comparing 
the  values  of  K^ 

The  ratio  of  the  width  of  the  buckets  at  the  outflow  to 
that  at  the  inflow  has  now  to  be  determined. 
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€2         Xi  C,  /Z  11  ^i  COS  Oj  —  «!  ^A 

Ci  ~*  x^  C2  \2  n  rj  cos  a^  —  2?^  ^2/ 
Assuming  P  =  3",  the  number  of  vanes  2?i  in  the  wheel  is 


2nr,      25-920 


whence  the  correct  value  of  P  =  0'269,  or 

P  =  8111  inches. 

The  thickness  of  the  vanes  at  the  inflow  and  outflow 
may  be  taken  as  the  same — 

^j  =  ^3  =  1  inch  =  00416. 

By  substituting  these  values  in  the  preceding  formula 
there  follows : 

_  ^     104      /25;920  X  0-588  -  00416  x  100\ 
■"  X2  112-29  V3il02  X  0-438  -  0041G  x  10o| 

Xi  =  I,  and  x^  can  be  assumed  as 


e 


whence 


say 


X2  =  0  6, 

~  =  2  X  0-926  X  1*083  =  217, 


e, 


"^  =  2  2. 


Ci  =  c  +  ^  =  6^^  inches, 
Ojj  =  2'2  Ci  =  say  12  inches. 

With  the  greater  value  of  a^  adopted  in  the  turbine  of 
Messrs.  Rieter  and  Co.  a  smaller  residual  velocity  is 
obtained,  and  although  the  outflow  is  not  exactly  radial,  it 
only  deviates  by  a  few  degrees  from  the  radial  direction. 
The  formulas  employed,  although  not  mathematically 
accurate  under  such  conditions,  give  results  which  are 
close  enough  to  the  truth  for  practical  purposes,  and  the 
gain  in  eflSciency  is  very  appreciable.  A  strict  agreement 
might  be  obtained  by  choosing  a  somewhat  smaller  value 
of  Gi — between  54°  and  50"" — but  it  is  hardly  worth  while 
to  repeat  the  calculation  for  this  purpose. 


o 


NUMEBICAL  EXAMPLES.  311 

As  is  evident  from  the   formula  for  the   ratio   — ,  aa 

increase  in  the  angle  a^  results  in  a  greater  value  of  that 
ratio,  and  for  a^  =  70° — other  factors  remaining  as  before — 

-  =  2'94.     It  is  possible  to  carry  the  increase  of  ag  so  far 

that  the  advantages    obtained    are    neutralized  by  the 

excessive  axial  components  of  the  motion  of  the  streams 

leaving  the  buckets,  but  this  does  not  happen  with  the 

proportions  adopted  in  practice. 

Finally,  for  the  sake  of  comparison,  the  work  done  can 

be  calculated  from  the  formula 

M  WiC  sin  a 

^*^  "         650        ' 

Weight  of  water  per  second       ^ 
M  =  g2^2  =  31  018, 

_  31  018  X  8413  X  179  x  094 
^*^  -  550 

W^p  =  798  horse-power. 
This  gives  a  hydraulic  efficiency 

^       798        ^^^^ 
'  =  :^  =  lOTi  =  ®'^**' 
or  say  €  =  74J  per  cent. 

In  consequence  of  the  greater  value  of  the  angle  Oj  in 
the  wheel  as  actually  made,  the  loss  by  unutilized  energy 
is  about  2'9  per  cent,  less  than  under  the  conditions 
assumed  in  the  calculations,  and  this  brings  the  hydraulic 
efficiency  up  to  77*4  per  cent.  Allowing  2  per  cent,  for 
shaft  friction,  the  actual  efficiency  would  thus  be  75'4  per 
cent.    The  makers  guarantee  75  per  cent. 

For  this  type  of  wheel  the  power  absorbed  in  friction 
does  not  in  practice  exceed  1*6  per  cent.,  so  that  in  reality 
the  allowance  of  2  per  cent,  is  more  than  sufficient,  and 
leaves  a  certain  margin  beyond  that  already  included  in 
the  co-efficients  used  in  determining  tlie  velocities  of  flow. 
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CHAPTER  X. 

MEASUREMENT  OF  THE  QUANTITY  OF  FLOWING 

WATER. 

Enumeration  of  methods. — Direct  measurement. — Measurement 
by  current  meters. — Measurement  by  floats. — Measurement  over 
weirs :  theoretical  discharge,  actual  discharge,  influences  affecting 
discharge,  Braschmann's  formula,  Donkin  and  Salter's  experiments 
and  table,  Weisbach's  formula,  Francis's  formula,  Fteley  and  Stearns's 
experiments,  comparisons. — Comparative  table  of  results  of  experi- 
ments, &c,  on  discharge  over  weirs. — Measurement  by  meters. — 
Measurement  of  water  levels  :  hook  gauge,  positions  for  measuring 
levels. — New  method  of  gauging  the  flow  of  water ;  the  "  Venturi " 
meter. 

In  determining  the  available  energy  of  a  fall  of  water  the 
most  important — and  at  the  same  time  most  diflScult — 
Measurement  to  be  made  is  that  of  the  quantity  of 
water  passing  in  a  given  time.  EiTors  amounting  to 
many  per  cent,  may  arise  from  carelessness  or  a  defective 
method  in  determining  this  factor  of  the  power  of  a 
falling  stream. 

The  following  are  the  princiiDal  methods  which  have 
been  employed  for  ascertaining  the  quantity  or  volume 
of  water  flowing  through  any  given  section  of  a  stream 
or  channel : — 

(1)  Direct  measurement  of  volume  in  a  calibrated 
collecting  tank  or  reservoir; 

(2)  Measurement  of  velocity  of  flow  in  any  section  of 
known  dimensions  by  means  of  current  meters ; 
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(3)  Measurement  of  velocity  of  flow  by  floats ; 

(4)  Measurement  over  weirs  or  tumbling  bays ; 

(5)  Measurement  by  various  foims  of  meter. 


(1)   Direct  Measurement  in  a  calibrated  collecting 

Tank. 

It  is  very  rarely  that  this  method  for  the  measurement 
of  water  is  practicable  for  any  but  the  very  smallest 
hydraulic  motor ;  when  applicable,  it  is  by  far  the  most 
reliable,  being  independent  of  experimental  co-efBcients 
or  the  errors  of  current  or  other  meters,  and  requiring 
only  average  care  in  determining  fixed  dimensions. 

The  water  as  it  leaves  the  motor  is  all  collected  in  a 
tank  or  reservoir  of  known  capacity,  which  it  is  most 
convenient  to  calibrate  beforehand.  In  some  instances 
it  may  be  practicable  to  use  several  tanks  in  succession, 
care  being  taken  that  in  transferring  the  inflow  from  one 
tank  to  another  no  loss  of  fluid  is  incurred. 

Sometimes  with  small  quantities  of  water  it  is  possible 
to  use  two  comparatively  small  tanks  or  vessels,  which 
are  alternately  filled  and  emptied. 

(2)  Measurement  by  Current  Meters. 

With  this  method  the  velocity  of  flow  of  the  water 
in  a  channel  of  known  section  is  measured  by  current 
meters,  and  the  quantity  of  water  calculated  from  it. 
To  arrive  at  accurate  results  it  is  necessary  to  subdivide 
a  section  of  the  stream,  taken  at  right  angles  to  the 
general  direction  of  flow,  into  a  number  of  parts,  prefer- 
ably of  equal  area,  and  to  observe  the  velocity,  as  indi- 
cated by  the  current  meters,  in  each  of  these  parts  for 
some  time.    From  the  observed  velocities  in  the  difierent 
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parts  the  mean  velocity  for  the  whole  section  is  deter- 
mined. 

The  current  meters  used  are  those  in  which  a  screw- 
shaped  fan  is  made  to  revolve  by  the  action  of  the 
moving  water;  in  some  cases  these  are  connected  with 
electrical  stopping  and  starting  apparatus. 

It  is  preferable  to  use  several  meters  simultaneously 
as  checks  on  each  other,  and  all  of  them,  previous  to  the 
experiments,  should  be  carefully  tested  to  ascertain  their 
degrees  of  accuracy. 

The  axis  of  each  current  meter  should  be  parallel  to 
the  general  direction  of  flow  in  which  the  velocity  of  the 
stream  is  to  be  measured,  as,  if  free  to  adjust  itself  to 
the  direction  of  flow  at  the  particular  point  where  it  is 
placed,  the  recorded  velocity  may  be  too  great,  since 
locally  the  water  may  have  a  motion  deviating  in  direction 
from  that  in  which  the  velocity  is  required,  and  in  that 
case  only  the  comporicnt  of  the  local  velocity  in  the 
general  direction  of  flow  must  be  taken  into  account. 

If  carefully  carried  out  there  is  no  doubt  that  this 
method  gives  very  reliable  results ;  for  very  large  quanti- 
ties of  water  it  is  often  the  only  one  possible,  with  the 
exception  of  that  in  which  floats  are  used,  to  be  subse- 
quently described. 

In  each  portion  of  the  section  of  the  stream  several 
observations  should  be  taken  at  intervals.  During  the 
trial  of  the  Jonval  turbine  at  Goeggingen,  of  which  an 
account  is  elsewhere  given,  eight  separate  observations, 
each  lasting  one  mimUe,  were  made  with  each  of  the 
instruments  employed. 

As  the  surface  of  the  water  forms  the  boundary  of  the 
top  of  the  uppermost  row  of  subdivisions  of  the  channel 
section,  the  area  of  these  divisions  of  course  varies  some- 
what during  the  experiments  in  consequence  of  changes  in 


MEASUREMENT  OF  FLOWING   WATER,         315 

the  water  level,  and  where  accuracy  is  desiied  the  latter 
must  be  observed  and  allowed  for. 


(3)  Measurement  hy  Floats. 

This  consists  in  observing  the  speed  with  which  a 
float  is  carried  down  the  stream  to  be  measured,  and 
inferring  the  velocity  of  the  latter  from  the  former.  It 
depends  for  its  accuracy  on  a  knowledge  of  the  relation 
existing  between  the  velocity  of  the  float  and  the  mean 
velocity  of  the  water  in  the  particular  part  of  the  stream 
traversed  by  the  float. 

As  in  the  previous  method,  the  channel  should  be 
divided  into  several  parts,  in  each  of  which  observations 
must  be  made,  and  the  velocity  should  be  ascertained  at 
three  different  depths  at  least.  For  this  purpose  a  body 
of  slightly  greater  specific  gravity  than  the  fluid,  and 
presenting  a  considerable  surface  to  the  action  of  the 
stream,  is  suspended  at  the  desired  depth  from  another 
body  floating  on  the  surface,  of  such  a  fonn  as  to  offer 
much  less  resistance  to  the  stream  than  the  first,  so  that 
without  sensible  error  the  velocity  with  which  the  instru- 
ment is  carried  along  by  the  current  is  that  of  the  sub- 
merged body  and  of  the  stream  at  the  particular  depth 
below  the  surface  at  which  it  is  placed.  A  hollow  metallic 
ball  supported  from  a  small  ball  or  cylinder  of  wood  has 
been  employed  for  this  kind  of  float. 

Another  form  of  float  is  that  consisting  of  two  bodies 
of  equal  size  and  shape  connected  by  a  thin  ro<l ;  one  of 
these  swims  just  below  the  surface,  the  other  at  any  desired 
depth,  regulated  by  the  connecting  rod.  The  velocity 
with  which  the  apparatus  moves  is  taken  as  being  the 
mean  of  the  velocities  of  the  water  at  the  depths  at  which 
the  two  bodies  float.     In  this  way  the  mean  between  the 


316  HYDRAULIC  MOTORS, 

surface  velocity  and  that  at  any  depth  can  be  ascertained 
for  several  positions  of  the  lower  body.  It  is  not  necessary 
that  the  upper  body  should  be  close  to  the  surface ;  it  may 
be  made  to  swim  at  any  required  depth  below,  but  must 
then  be  kept  in  place  by  being  connected  to  a  light  float 
of  small  resistance  at  the  surface. 

Another  form  of  measuring  float  is  a  cylindrical  wooden 
staff  weighted  so  as  to  swim  in  a  nearly  vertical  position. 
Its  velocity  gives  the  mean  velocity  of  the  water  through- 
out the  depth  occupied  by  the  staff.  For  weighting  this 
kind  of  float  a  metal  cap  containing  shot,  attached  to  the 
lower  end,  is  employed. 


(4)    Measurement    of  Discharge   of  Water    over 

Weirs  or  Tamhling  Bays. 

This  method  of  water-gauging  is  perhaps  that  which 
has  been  most  frequently  employed  to  measure  the  quantity 
of  water  consumed  by  hydraulic  motors,  chiefly  because 
in  many  instances  it  was  the  most  convenient  method 
practicable. 

The  stream  to  be  measured  is  dammed  by  a  weir  or 
other  suitable  obstruction,  and  all  the  water  compelled  to 
flow  through  a  rectangular  aperture  open  at  the  top,  cut 
out  from  the  upper  edge  of  the  weir,  and  generally  known 
as  a  Tumbling  Bay.  Very  frequently  the  water  is  allowed 
to  fall  over  the  whole  length  of  the  weir,  in  which  case 
the  sides  of  the  canal  or  stream  form  the  ends  of  the  bay, 
and  should  be  vertical  and  parallel  for  some  distance  above 
the  weir  (up-stream). 

If  h  denote  the  height  of  the  water-level  above  the 
lower  edge  of  the  bay,  measured  some  distance  above  the 
weir  where  there  is  no  appreciable  gradient  on  the  surface 
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of  the  water,  aud  Z  the  length  of  the  bay,  then  the 
theoretical  quantity  of  water  which  should  be  discharged 
over  the  bay  is 

Experiment  has  proved  that  in  reality  the  quantity 
discharged  is  less  than  this,  so  that  the  theoretical  result 
has  to  be  multiplied  by  some  co-efficient  Cy^  less  than  unity 
to  arrive  at  the  true  quantity. 

A  large  number  of  investigations  have  been  carried  out 
under  various  conditions  to  determine  the  co-efficient,  and 
assuming  that  all  the  observations  are  correct,  the  accuracy 
of  the  results  obtained  depends  upon  whether  the  co- 
efficient employed  is  applicable  to  the  particular  conditions 
under  which  the  experiment  is  made.  Very  great  care 
should  therefore  be  taken  to  select  a  co-efficient  determined 
under  circumstances  corresponding  as  closely  as  possible 
to  those  in  which  the  measurement  is  to  be  made. 

It  has  been  found  that  the  co-efficient  C,  varies  with 
the  following  dimensions  and  conditions  : — 

Length  of  bay ; 

Head  over  bay  ; 

Width  of  canal  of  approach  ; 

Nature  and  thickness  of  edges  of  bay  ; 

Presence  or  absence  of  thin  edges  at  ends  of  bay  (full 
width  of  canal  or  otherwise) ; 

Distance  from  bottom  of  bay  to  bottom  of  canal. 

With  a  given  thickness  and  shape  of  the  edges  of  the 
bay,  the  co-efficient  G^  varies  chiefly  with  the  ratio  of  the 
length  of  the  bay  to  the  width  of  the  canal  and  with  the 
luad  over  the  bay ;  the  distance  from  the  bottom  of  bay 
to  the  bottom  of  the  canal  appears  to  have  little  influence 
on  the  results. 

When  the  length  of  the  bay  is  less  than  the  width  of 
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the  canal  of  approach,  so  that  the  bay  has  thin  edges  at 
the  ends,  it  is  said  to  have  end  contradums,  since  the  thin 
ends  cause  a  contraction  of  the  stream. 

Braschmann  has  constructed  a  formula  for  determining 
the  value  of  the  co-efficient,  including  the  factor  f ,  in  which 
the  ratio  of  the  length  Z  of  the  bay  to  the  width  B  of  the 
canal  of  approach  and  the  head  h  over  the  bay  are  taken 
into  account ;  it  is  as  follows  : — 

Q  =  (o-3838  +  00386  j+  ^^^^)  ^  ^/W» 

all  dimensions  being  in  feet. 

This  formula  is  very  generally  used  in  Germany,  and  in 
many  cases  in  which  the  author  has  compared  it  with 
experimental  results  shows  a  very  fair  agreement  with  the 
latter,  in  others  a  considerable  discrepancy. 

A  formula  of  this  kind  must  be  used  with  discretion, 
and  only  applied  within  the  limits  for  which  it  has  been 
constructed. 

The  following  table  has  been  chiefly  compiled  from  that 
given  by  Messrs.  Donkin  and  Salter  in  their  paper  "  On 
the  Measurement  of  Water  over  Weirs,"  published  m 
the  MiniUes  of  Proceedings  of  the  Institutio7i  of  Civil 
Engineers^  vol.  Ixxxiii.,  1885-86;  the  arrangement,  how- 
ever, is  somewhat  different,  being  according  to  the  length 
of  the  bays  to  facilitate  reference  for  practical  purposes. 
Some  slight  additional  data  have  been  added,  and  two 
columns  containing  respectively  the  ratio  of  the  length  of 
the  bay  to  the  width  of  the  canal  of  approach  and  the 
ratio  of  the  length  of  the  bay  to  the  head. 

The  values  of  the  co-efficients  given  are  in  most  cases 
those  resulting  from  the  mean  curves,  also  taken  from 
Messrs.  Donkin  and  Salter's  paper. 

Weisbach   gives  the   following  formula  as   embodying 
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the  results  of  the  experiments  of  Poncelet  and  Lesbros  on 
the  flow  of  water  over  tumbling  bays : — 

where  f*  =  f^o  (1  +  1'718  n*), 

and  n  =  -=p  , 

F^  being  the  sectional  area  of  the  canal  of  approach  and 
fXo  the  co-eflScient  of  Poncelet  and  Lesbros  for  a  bay  0*2 
m^tre  (7*874  inches)  long. 

Francis,  whose  data  are  generally  employed  in  America, 
gives  the  formula 

Q  =  3-33  L  y/F, 

equal  to  Q  =  0-41G  L  j,^^h\ 

when  there  are  no  end  contractions, 

and  Q  =  3*33  (i  -  O'l  n  h)  ^h\ 

when  end  contraction  takes  place,  where  n  is  the  number 
of  end  contractions,  generally  2. 

Braschmann's  formula  agrees  very  well  with  Francis's 
results,  but  it  will, be  seen  on  reference  to  the  latter,  in 
the  case  in  which  the  weir  has  a  length  equal  to  the  width 
of  the  canal  of  approach  without  end  contractions,  that  the 
co-efficient  is  practically  constant.  The  same  is  true  of 
the  experiments  of  Fteley  and  Stearns  with  the  longer 
weir.  With  the  shorter  weir,  6  feet  long,  the  results 
obtained  by  the  same  experimenters,  with  heads  under 
G  inches,  show  that  the  discharge  is  influenced  by  the 
head  ;  above  6  inches  the  co-efficient  is  nearly  constant. 

According  to  Braschmann's  formula,  the  co-efficient 
varies  in  all  cases  with  the  head. 
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COMPAEATIVE  TABLE  OF  RESULTS  OP  EXPE' 


Name  of 
experimenter. 

Length  of 

bay  of 

weir 

L 

Depth  over 
weir 
h 

Ilich» 

Width  of  MDftl 

ofap™wh 

Co-sffident  in 
foTOula 

C 

Ixchos. 

Ft       In. 

LesbroH. 

0-7874 

3 

6 
12 
18 

12        1 

0-435 
0-434 
0-433 
0-431 

„ 

1181 

23f 

„ 

0-425 

CaateL 

u 

2       5j 

0-4198 

,, 

2 

0-4194 

_^ 

^^ 

3 

'^ 

0-4186 

'„' 

4 

II 

0-4182 

„ 

„ 

5 

0-4182 

„ 

,j 

6 

" 

0-4186 

,, 

7 

0-4186 

--'- 

8 

■'          - 

0-4190 

Donkin  and 

Salter. 

1-5 

1 
1 

2 

23 

1       fi 

0-4256 
0-421 
0-4174 
0-4156 
04146 
0'4122 

„ 

3 

0-412 

Prof. 

Kennedy 

1-75 

1 

n 

1       fi 

0-4CC6 
0-435 
0-4256 
0-414 

„ 

2 

2       51 

0-4053 

Ca.stel." 

1-968 

0-4090 

„ 

„ 

2" 

_i 

0-4086 

„ 

3 

„ 

0-4082 

„ 

„ 

4 

„ 

0-4080 

>. 

„ 

5 

„ 

0-4080 
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-RIMENTS  ON  FLOW  OP  WATER  OVER  WEIR. 


Thickness  of 
crest  of  bay 

Distance  from 

Distance  back  .Ratio  of  length  Katiu  of  Icngtl 

crest  of  bay 

from  weir  at 

ofbay  to  width 

of  bay  to 

to  bottom  of 

which  head 

of  canal 

head 

or  weir 
i 

canal 

was] 

measured 

L 

L 

d 

I 

£ 

T 

Very  thin 

Ft.       In. 

Ft. 

In. 

11 

6 

0-00643 

'     0-2624 

metal. 

•       » 

>> 

>» 

01312 

» 

1 
»» 

» 

>> 

0-0656 

ft 

1 
»> 

99 

)) 

00437 

>> 

»> 

>> 

>♦ 

00335 

1 

TV 

n 

1 

H 

0-0405 

0-787 

>> 

yy 

>) 

• 

0-590 

M 

j> 

» 

» 

0-393 

>> 

>i 

>» 

» 

0-295 

>> 

j> 

» 

»» 

0-236 

>» 

>> 

>» 

n 

0-197 

» 

>> 

>> 

>) 

0169 

>> 

>♦ 

>» 

>» 

0-148 

1 

7 

1 

6 

00833 

3 

2 

>> 

>> 

yy 

» 

>> 

>> 

>> 

>> 

1-2 
1 

;> 

M 

>> 

» 

>l 

» 

>i 

1 
»          1 

0-75 

>» 

>J 

>i 

1 

0-545 
0-5 

1 
"1  ff 

>» 

>» 

)> 

1 

7 

1 

9 

0-1029 

3-5 

>> 

>i 

>» 

» 

2-333 

n 

1 
>> 

n 

>> 

1-75 

)> 

>> 

>» 

») 

1166 

J> 

»» 

>» 

»» 

0-875 

1 

Tfl" 

6J 

1 

7i 

00679 

1-312 

)> 

»> 

>> 

>> 

0-984 

>> 

)>           ; 

>) 

>> 

0-656 

»> 

„       i 

» 

>> 

0-492 

yy 

»j       1 

» 

» 

0-393 

V 
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Name  of 
experimenter. 

Length  of 

hay  or 

L 

Delitli  over 
h 

6 

Wi.U1i  of  c»u«l 
uf  approaeli 

(■o-em>:ieiit  iu 
foniillla 

Iiiclu». 
1-968 

JU        li.. 

Ca«tel. 

2      Oi 

0-4082 

7 

0-4086 

„ 

8 

0-4090 

,. 

9 

0-410 

3 

i' 

3 

Not  given. 

0-442 

0-424 
0-412 
0-388 

Bidoiit). 

304g 

3-47 
6-66 

2      1-31 

0-3994 
0-4113 

CaBtol. 

3-937 

11 

\^ 

3 
4 

6 
8 

3      5i 

0-411 

0-403 
0-398 
0-395 
0-394 
0395 
0-396 

91 

0-396 

I 

6 

r 

2 
3 
4 
5 
6 

Not  givMl. 

0-445 
0-431 
0-425 
0-420 
0-412 
0-402 
0-390 

Bidone. 

6-721 

3.97 

2      1-31 

0-4003 

Castol. 

7-874 

3 
4 
6 
7 
8 

2      5J 

;; 

0417 
0-407 
0-397 
0-395 
0-395 
0-397 
0-397 
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«  bottom  of 


JUlauco  littdcRatioofienctli 
from  woir  at  of  baj- to  widtb 
irhtch  head  I      ofcuDHl 


1       7J 


Not  given,  i  Not  given. 


1       7i 


2-624 
1-968 
1-312 
0-984 
0-656 
0-492 
0-414 


Not  given. 

13 

6 

3 
2 

— 

1-5 

— 

1-2 

— 

1      7i 

0-2655 

1-693 

1      7i 

0-2703 

6-299 
3-937 
2-625 
1-968 
1-312 
1-125 
0-984 
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Length  of 

• 

Co-efficient  in 

Name  of 

bay  or 

Depth  over 

Width  of  canal 

formula 

exi)enmentcr. 

weir 
L 

weir 
h 

!     of  approach 
Ft.        In. 

Q  =  C  L  sl^yiv^ 
C 

Inches. 

Inches. 

Lesbros. 

7-874 

H 

12          1 

0-410 

ii 

1 

2 

1 

0-403 

»> 

>> 

3 

11 

0-397 

»> 

1 

>> 

4 

» 

0-395 

»» 

>> 

5 

'             >> 

0-394 

>> 

>> 

6 

!          " 

0-393 

>» 

>> 

15-748 

7 

1 

1        2         54 

0-392 

Ciistel. 

12 

0-423 

»? 

i 

2 

ft 

0-417 

tf 

1 

3 

» 

0-414 

»> 

>> 

4 

» 

0-414 

>> 

M 

5 

>» 

0-415 

n 

23-G22 

1-1 

>> 

0-435 

»» 

»> 

l| 

»> 

0-430 

>» 

>» 

2 

» 

0-429 

»» 

" 

3 

»> 

0-430 

>♦ 

1 

4 

»» 

0-429 

Boileim. 

1 
34-4 

2 

2       11-43, 

1 

0-420 

>> 

>» 

4         1 

1 

>> 

0-429 

>> 

j» 

6 

»> 

0-437 

»> 

j» 

8 

» 

0-444 
0-450 

Blackwell. 

36 

1 

30       0 

>» 

>» 

2 

>» 

0-446 

1 

>> 

>i 

3 

>» 

0453 

>» 

1 
>>        1 

4 

>» 

0-411 

1 

»> 

»♦ 

5 

»» 

0-401 

Fteley  and  ! 

1 

1 
1 

I 

Stearns.    , 

60 

li 

5       0 

0-456 

1 
if 

M 

U 

» 

0-443 

j> 

»> 

1^1 

>» 

0-431 

>» 

» 

2 

» 

0-428 

»> 

»> 

2i 

»» 

0-424 

M 

1 

3 

»» 

0-422 
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Distance  from 

Distance  back  Ratio  of  length 

Ratio  of  length 

Thickness  of 

crest  of  bay 

from  weir  at 

of  bay  to  width 

of  bay  to 

crost  of  bay 

to  bottom  of 

which  head 

of  canal 

head 

or  weir 

canal 

was  measured 

'           L 

L 

t 

d 

/ 

li 

h 

Ft       In. 
1        91 

Ft       In. 

Knife  edge. 

11        6 

00543 

6-299 

» 

1 

1          »> 

»» 

1           >> 

3-937 

» 

>» 

>» 

»» 

2-625 

>» 

>> 

>» 

»» 

1-968 

i» 

»> 

»» 

»> 

1-575 

»» 

>> 

»> 

>> 

1-312 

»» 

1           »» 

1       71 

1 

1125 

1 

Iff 

OJ 

0-5400 

11-453 

it 

'     » 

1 

1               n 

7-874 

II 

>» 

>♦ 

>» 

5-249 

>> 

>» 

J> 

1 

3-937 

yf 

>> 

»> 

>» 

3-149 

»» 

>l 

>» 

0  8109 

18-897 

>» 

»» 

>» 

»» 

15-748 

)* 

M 

J» 

>» 

11-811 

>> 

>> 

If 

1           >» 

7-874 

>» 

»> 

yj 

»• 

5-905 

1 

Head  mea- 

1 
1 

Sliarp  edge. 

1      1-38] 

sured  by 
glass  gauge. 

0-9709 

17-2 

*» 

>> 

»> 

'                                                            1 

8-6 

>> 

>> 

>» 

yy 

5-733 

>» 

>» 

♦> 

»» 

4-3 

rVr 

Xot  given. 

Not  given. 

0-1000      , 

36-0 

1 

>> 

>> 

»> 

1 

180 

>» 

M 

>> 

>» 

120 

»> 

J» 

•  >» 

M 

9-0 

1 

1                    »1 

>» 

r,     0 

>> 

1000 

7-2 

00792 

3-17  feet. 

48  0 

♦> 

yy 

jy 

>• 

400 

1          *' 

»• 

»» 

>> 

34-289 

>» 

»» 

»» 

"          ; 

30 

>» 

>> 

1 

1 

n                1 

24 

:» 

>> 

»> 

J> 

20 
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Name  of 
experimenter. 


Length  of 

bay  or 

weir 

L 


Inrhes. 


Fteley  and 
Steams. 


Deacon. 


9) 


Fi-ancis. 


Francis. 


Fteley  and 
Stearns. 


60 

»» 


T20~ 


Depth  over 

weir 

h 


Inches. 


4 
5 

6 
7 
8 
9 
10 


4-248 
6  000 
6-756 


8 


18 

in 


Width  of  canal 
of  approach 


Ft.       In. 


5 


19 
>» 

J» 


14 


99 

10 

>> 

12 

>» 

14 

>♦ 

16 

>> 

18 

168 

0 

>> 

10 

»> 

11 

>» 

12 

228 

6 

8 

10 

12 

14 

16 

14 


99 


19 


>» 

5» 


0 


0 


0 


Co-efficient  in 
formula  _  _ 
Q  =  CL  ^2gh^ 

C 


0-419 

0-418 

0-4174 

0-4170 

0-4166 

0-4170 

0-4174 


0-4504 
0-4343 

0-4167 


0-4162 
0-4163 
0-416 
0-416 


0-412 

0-4114 

0-411 

0-4106 

0-4110 

0-4111 

0-4110 

0-4103 


0 

0-4146 

0-4146 

0-414 

'*        1 

0-414 

0-414 

0-4146 

1 

_           1 

0-4148 

0-4143 
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In  order  that  Francis's  formula  may  give  reliable  results, 
its  author  states  that  the  edges  of  the  weir  (or  bay)  pre- 
sented to  the  current  must  be  sharp ;  if  bevelled  or  rounded 
ofif  in-  any  perceptible  degree  a  material  effect  will  bo 
produced  on  the  discharge.  It  is  essential  also,  that  the 
stream  should  touch  the  orifice  only  at  these  edges,  after 
passing  which  it  should  be  discharged  through  the  air. 

The  velocity  of  the  water  approaching  the  weir  should 
be  very  slow,  and  to  this  end  the  depth  of  the  bottom  of 
the  canal  below  the  weir-crest  should  not  (according  to 
Francis)  be  less  than  onc-tJiird  of  the  length  of  the  weir, 
otherwise  the  velocity  of  approach  must  be  taken  into 
account,  as  it  tends  to  increase  the  quantity  of  water 
discharged. 

With  a  thick  weir-crest  the  co-efficient  of  discharge  is 
greater  than  with  a  thin  one.  Experiments  with  weirs 
formed  of  planks  1  inch  thick  and  over  were  made  by 
Blackwell,  but  as  the  majority  of  other  experiments  of 
this  kind  have  been  carried  out  with  thin  bays,  it  has  not 
been  considered  necessary  to  record  the  former  here. 

The  most  recent  experiments  on  this  subject,  as  far  as 
the  author  is  aware,  arc  those  carried  out  by  Bazin,  aud 
recorded  in  the  AnnaJrs  dcs  Pouts  et  C/fffn.<^'r,<i  (October 
1888,  p.  44G). 


(5)  Mrasnromenf  by  Meters, 

The  gauging  of  water  by  meters  is  only  applicable  to 
comparatively  small  quantities,  and  is  rarely  practicable  in 
the  case  of  hydraulic  motors.  It  depends  for  its  accuracj- 
on  the  construction  of  the  particular  form  of  meter  used, 
which  in  every  case  should  be  carefully  tested,  and  the 
error,  if  any,  ascertained  before  it  is  employed, 
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Measurement  of  Water  Levels, 

For  ascertaining  the  level  of  the  surface  of  the  water, 
for  the  purpose  of  determining  either  the  head  acting 
on  a  turbine  or  the  depth  over  a  weir,  the  hook  gauge 
is  the  best  instrument  to  employ.  It  consists  of  a  metal 
rod  bent  up  at  one  end  to  form  a  hook  with  a  sharp  point, 
and  adjustable  by  means  of  a  nut  working  on  a  thread  cut 
in  the  long  shank  of  the  hook,  the  readings  being  taken 
by  a  micrometer.  The  hook  is  used  point  upward,  the 
point  being  at  first  submerged,  and  the  position  noted  on 
the  scale  at  which  it  emerges  from  the  surface  of  the 
water ;  this  can  be  done  with  great  accuracy,  much  exceed- 
ing that  obtainable  by  the  reverse  process,  that  of  observing 
the  position  in  wliich  a  point,  at  first  above  the  water, 
comes  into  contact  with  it.  The  hook  must,  of  course,  be 
raised  and  lowered  vertically,  and  should  be  enclosed  in  a 
box  or  casing,  open  at  the  top,  to  which  the  water  is 
admitted  only  through  a  comparatively  small  hole  in  the 
bottom  in  order  to  protect  the  surface  of  the  fluid  in  the 
immediate  neighbourhood  of  the  gauge  from  disturbances. 

In  ascertaining  the  upper  level  of  the  water  driving  a 
turbine,  the  measurement  should  not  be  taken  directly 
over  the  motor,  but  in  the  head-race  immediately  before 
the  water  enters  the  turbine  chamber  or  wheel  pit,  at  a 
point  where  the  surface  is  as  nearly  as  possible  undis- 
turbed. Over  the  motor,  especially  when  the  entrance  to 
the  chamber  is  not  central,  there  is  often  a  depression  of 
tlic  surface  caused  by  a  whirling  motion  or  vortex,  and  if 
observed  here  the  head  would  have  too  small  a  value. 
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Hie  *'  VenttiH"   Water  Meter. 

A  new  method  of  measuring  the  quantity  of  water 
passing  through  a  pipe  has  recently  been  proposed  and 
tried  by  Mr.  Clemens  Herschel,  the  engineer  of  the 
Holyoke  Water-power  Company.* 

This  method  is  based  upon  the  fact,  investigated  by 
Venturi,  that  when  water  flows  through  a  pipe  of  which 
the  section  is  contracted  and  subsequently  gradually  in- 
creased, the  pressure  in  the  smallest  section  is  much  less 
than  in  the  largest  on  either  side  of  the  contraction,  and 
may  with  suitable  proportions  sink  below  the  atmospheric 
pressure,  so  that  it  can  be  measured  by  a  vacuum  gauge. 
The  velocity  in  the  smallest  section  is  th<i^rctically  that 
due  to  the  effective  head  corresponding  to  the  difference 
between  the  pressure  in  the  largest  section  before  the 
contraction  and  that  in  the  smallest  section  ^;/?6S  the 
influence  of  the  velocity  in  the  largest  section,  generally 
very  slight.  To  obtain  the  actiial  velocity  the  theoretical 
quantity  has  to  be  multiplied  with  an  experimental  co- 
efficient. It  is  evident  that  when  the  latter  is  accurately 
known,  together  with  the  sectional  area  of  the  smallest 
part  of  the  pipe,  the  true  velocity  of  flow  can  be  calculated 
from  the  observed  difference  of  pressure  above  referred  to. 

Mr.  Clemens  Herschel's  experiments  were  directed  to 
determining  the  value  of  the  co-efficient.  Two  sizes  of 
"  Venturi "  ajutages  were  tried  of  exactly  similar  geometric 
form,  one  inserted  in  a  pipe  of  1  foot  diameter,  the  other 
in  a  pipe  of  9  feet  diameter.  The  ajutage  (or  "venturi,*' 
as  it  has  been  christened  by  Mr.  Herschel)  consists  of  a 
pipe  which  converges  and  then  diverges,  and  constitutes 

^  The  Venturi  Water  Metei\hy  Clemens  Herschel,  M.Am.Soc.C.E., 
Transactions  of  the  American  Society  of  Civil  Engineers^  vol.  xvii., 
Nov.  1888. 
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with  the  apparatus  for  recording  the  pressure  the  actual 
meter. 

The  diameter  at  the  smallest  section  was  one-third  the 
diameter  of  the  large  ends  of  the  conical  portions,  the 
angle  of  the  cones  being  small.  The  length  of  the  smaller 
cone  was  in  each  case  about  1*68  diameters,  that  of  the 
larger  7*37  diametera— referred  to  the  greater  diameter. 
The  apparatus  was  placed  so  that  the  shm^tcr  cone  was  at 
the  up-stream  end.  In  the  trials  with  the  1-foot  tube  an 
annular  air-chamber  surrounded  the  "venturi"  at  the 
smallest  diameter,  communicating  by  four  accurately 
drilled  holes,  \  inch  in  diameter,  with  the  interior  of  the 
pipe.  The  interior  of  the  '*  venturi "  at  the  small  part  was 
carefully  polished,  leaving  the  edges  of  the  holes  sharp 
and  square. 

For  the  9-foot  pipe  the  "venturi"  had  eight  separate 
air-chambers,  one  for  each  J -inch  hole  communicating 
with  the  interior.  These  several  air-chambers  had  each  a 
suction-pipe  attached,  while  only  a  single  suction-pipe  was 
used  with  the  annulai*  chamber  of  the  1-foot  **  venturi." 

The  trials  with  the  smaller  size  of  '*  venturi "  were  made 
first,  and  in  the  subsequent  experiments  with  the  9-foot 
meter  certain  defects  which  had  made  themselves  apparent 
were  remedied,  so  that  the  second  series  of  trials  may  be 
taken  as  the  more  accurate. 

Experiments  were  made  with  velocities  of  flow  ranging 
from  2  to  50  feet  per  second,  while  the  depression  at  the 
"  venturi "  ranged  from  a  very  small  amount  to  about  40 
feet  of  water  column. 

In  the  case  of  the  9-foot  tube  the  deviation  of  any 
single  experiment  from  the  resultant  mean  was  only  i  per 
cent,  for  the  whole  range  of  velocities,  and  if  both  series 
of  experiments  are  taken,  the  deviation  did  not  exceed  3 
per  cent. 

By  limiting  the  use  of  the  meter  to  velocities  greater 
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than  9  feet  per  second  through  the  "  venturi,"  or  about  1 
foot  per  second  through  the  corresponding  pipe,  the  range 
of  variation  becomes  even  less  than  that  above  stated. 

The  discharge  during  the  experiments  always  took  place 
under  water.  The  quantity  of  water  discharged  was 
measured  in  a  collecting  tank  in  the  case  of  the  1-foot 
tube,  and  by  a  weir  for  the  9-foot  tube. 

The  value  of  the  co-eflBcient  C  to  be  used  in  the 
formula — 

Velocity  =  G  sj^gh, 

where  h  is  the  eflFectivc  head  on  tlie  "  vcnturi,"  was  found 
in  most  cases  to  be  near  099,  but  varied  slightly  with  the 
velocity. 

If  'Py  denote  the  pressure  in  the  largest  section  of  the 
meter  on  the  up-stream  side  of  the  contraction,  ^).>  the 
pressure  in  the  smallest  section,  A^  and  A.j,  respectively 
the  areas  of  the  largest  and  smallest  sections,  then  by  the 
liyilrodynamic  equation — 

— where  c  is  the  velocity  of  flow  through  the  smallest 
section — and  thence 


where  p^  and  2h  ^^^  expressed  as  lirady  and  therefore 

Since  ^-2  =11-  ^^^y  =  ^« 

and  theoretically     c  =  1-0062  /^2(fk. 

Figures   127   and    128   show  the   construction    of  the 
**  Venturi  **  meter  in  the  9-foot  pipe. 
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Since  the  publication  of  the  first  edition  of  this  work, 
the  '*Venturi"  meter  has  come  into  practical  use  in  the 
United  States.  At  the  Cohimbian  Exposition  at  Chicago 
(1893)  a  36"  "  Venturi "  meter  was  employed  for  measuring 
the  main  water  supply  to  the  Exhibition. 

The  meter  is  now  furnished  with  an  automatic  recorder, 
which  shows  by  ordinary  dials  the  volume  of  flow. 

As  described  by  Mr.  Clemens  Herschel,  "  The  Recorder 
is  connected  with  the  tube  by  pressure  pipes,  which  lead 
to  it  from  the  chamber  surrounding  the  up-stream  end, 
and  the  throat  of  the  tube.  It  is  operated  in  part  by  a 
weight  and  in  part  by  clockwork.  The  diflference  of 
pressure  or  head  at  the  entrance  and  at  the  throat  of  the 
meter  is  balanced  in  the  Recorder  by  diflerence  of  level  in 
two  columns  of  mercury  in  cylindrical  receivers,  one  within 
the  other.  The  inner  carries  a  float,  the  position  of  which 
is  indicative  of  the  quantity  of  water  flowing  through  the 
tube.  By  its  rise  and  fall  the  float  varies  the  time  of 
contact  between  an  integrating  drum  and  the  counters  by 
which  the  successive  readings  are  registered. 

"  Usually  the  drum  revolves  once  in  every  ten  minutes, 
and  at  each  revolution  the  counter  registers,  on  ordinary 
dials,  the  volume  flowing  for  that  period  of  time.  The 
interval  of  time  may  be  shortened  if  desired." 

The  apparatus  may  be  placed  in  any  convenient  position 
within  one  thousand  feet  of  the  tube,  and  there  may  also 
be  an  electric  device  by  which  the  record  can  be  made  at 
any  distance  from  the  meter. 


^'^ 


CHAPTER  XI. 

DESCRIPIIONS  OF  AND   EXPERIMENTS  WITH   TURBINES. 

General  remarks. — Ilittinger's  experiments  with  Jonval  turbines. 
— Tables  of  results. — Haenel's  turbine. — Tables  of  results. — Curves. 
— Jonval  turbines  at  Qoeggingen. — Turbines  at  Olcliing. — Francis's 
experiments ;  Tremont  and  Boott  turbines. — Analysis  of  results. 
— Holyoke  testing  station. — **  Collins  "  turbine  ;  with  and  with- 
out suction-tube.  —  "Boyden"  turbine.  —  "Hercules"  turbine. — 
Francis's  experiments  with  **  Humphrey"  turbine. — "  Little  Giant" 
turbine. — Girard  turbines  at  Varzin. — Outward- flow  impulse  tur- 
bines at  Temi. — Turbine  at  Immenstadt. — Turbines  at  Schaff- 
hausen. — The  "Pelton"  wheel. — Small  impulse  turbines  for  high 
falls. — Foumeyron  turbine  at  St.  Blaise. — Niagara  Installation. — 
Francis's  experiments  with  a  "  Swain "  turbine. — Table  of  experi- 
mcntjil  and  calculated  results,  A. — Tables  of  dimensions  of  turbines 
actually  made,  B  and  C. — The  best  speed  of  turbines  as  tested  by 
experiment.— Causes  of  differences  between  calculated  and  experi- 
mental results. — Fliegner's  experiments. — General  remarks. 

Although  a  large  number  of  experiments  and  tests  of 
turbines  have  been  carried  out  at  various  times,  only  a 
comparatively  small  proportion  of  the  published  results 
obtained  are  of  any  use  for  the  purpose  of  accurate  com- 
parison and  study.  In  this  respect,  some  of  the  older 
experiments  are  more  valuable  than  those  of  more  recent 
date,  owing  to  their  greater  thoroughness  and  the  more 
general  conditions  under  which  they  were  performed,  more 
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especially  as  regards  the  range  of  speeds.  In  many 
instances  the  dimensions  given  are  incomplete,  so  that 
a  comparison  of  observed  with  calculated  results  is  not 
possible ;  generally  it  is  the  angles  of  the  vanes  which 
are  omitted.  In  all  tests  with  turbines,  the  two  chief 
quantities  measured  are  the  available  power  and  the  power 
actually  developed.  The  latter  can  be  easily  determined 
with  tolerable  accuracy  by  means  of  the  brake  when 
ordinary  precautions  are  taken,  but  for  the  former  it  is 
necessary  to  ascertain  the  quantity  of  water  used  by  the 
motor,  and  this  is  an  operation  requiring  more  than 
average  care  and.  nicety  of  observation  if  reliable  results 
are  to  be  obtained. 

In  the  following,  those  experiments  have  been  selected 
for  description  of  which  the  fullest  account  of  the  water- 
and  power-measurements  is  available,  and  which  appear 
from  the  character  of  the  latter  to  afford  the  best  internal 
evidence  of  their  trustworthiness.  In  general  the  most 
complete  record  obtainable  of  the  dimensions  of  the 
turbines  employed  is  given,  and  will  be  found,  together 
with  the  relative  proportions  and  various  particulars  as 
to  speed  and  velocity  of  flow  for  the  maximum  efficiency, 
in  Table  A,  as  well  as  in  the  detailed  account  of  the 
experiments  in  question. 

In  Table  A  are  also  stated  the  results  obtained  by  cal- 
culation from  observed  quantities.  From  the  observed 
quantity  of  water  and  measured  effective  area  of  guide 
passages  the  velocity  of  flow  has  been  determined,  and 
the  corresponding  speed  of  rotation  calculated  for  com- 
parison with  that  experimentally  obtained ;  the  theoretical 
co-efficient  K^  for  the  velocity  of  flow  has  been  calculated 
from  the  observed  efficiency  by  the  formula — 
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-J iyide  p.  109); 


2  -^  sin  a  sin  a 


this  affords  the  meaus  of  testing  the  agreement  between 
theory  and  practice. 

In  the  case  of  the  older  turbines,  such  as  Rittinger's, 
the  efficiencies  of  which  are  considerably  below  those 
now  attained  by  the  best  wheels,  the  values  of  the  co- 
efficients C  Ai^d  Ci  ^  previously  given  are  not  applicable, 
and  if  c  is  calculated  by  formula  (vi  a)  with  those  values, 
the  agreement  between  the  observed  and  calculated  results 
will  not  be  good.  For  this  reason  the  above  expression 
for  ICi  containing  the  efficiency,  which  can  be  directly 
noted,  has  been  chosen  as  affording  an  accurate  test  of  the 
correctness  of  theoretical  assumptions. 

The  measicred  area  A  it  must  be  remembered  is  not  the 
effective  area,  but  to  arrive  at  the  latter  an  allowance  must 
be  made  for  the  obstniction  of  the  orifices  by  the  passing 
wheel-vanes. 

In  some  cases  this  has  only  been  estimated,  as  the 
thickness  of  the  wheel-vanes  at  the  edges  is  not  given, 

Sittinger*8  Experiments  with  Jonval  Turbines. 

Results  of  these  experiments  have  been  several  times 
quoted  in  illustration  of  various  points  in  the  theory  of 
reaction  turbines.  They  are  of  special  interest  for  several 
reasons:  in  the  first  place,  each  series  was  made  with 
turbines  of  approximately  the  same  power  and  working 
with  the  same  head,  but  differing  in  some  of  their  pro- 
portions ;  in  the  second  place,  they  extended  over  a  con- 
siderable  range  of  speed,  and  last,  but   not  least,   the 

quantity  of  water  was  actually  measured  in  a  collecting 

z 
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reservoir,  so  that  there  is  no  doubt  as  to  the  accuracy  of 
this  part  of  the  observations,  which  in  ordinary  tests  is 
most  open  to  question. 

Three  different  series  of  experiments  at  various  times 
were  made  by  Mr,  Bittinger  with  eight  turbines  in  all, 
and  the  leading  results  of  these  are  given  in  the  sequel, 
to  some  extent  re-arranged,  together  with  the  principal 
dimensions  and  proportions. 

All  these  experimental  turbines  of  Bittinger's  were  as 
compared  with  present  practice  somewhat  abnormal  in 
their  design,  chiefly  in  the  dimensions  of  the  vane-angles ; 
in  most  of  them  the  angle  a^  was  negative,  and  several 
had  back-vanes.  It  is  probably  partly  on  this  account 
that  the  efficiency  did  not  prove  higher.  In  turbines 
Nos.  1,  4,  5,  6,  7  and  8,  the  angle  Oj  was  negative,  while 
in  turbines  2  and  3  the  same  angle  had  a  very  considerable 
positive  value,  in  all  cases  very  different  to  that  now 
usually  adopted. 

Experiments  were  made  with  all  the  guide  passages 
fully  open,  and  also  with  part  of  them  closed,  but  only 
the  former  are  here  given,  as  the  others  have  not  so  much 
interest  for  the  purpose  of  comparison  with  theoretical 
results. 

For  comparison  with  the  observed  speed,  the  mean 
velocity  of  rotation  has  been  calculated  for  three  assump- 
tions, (1)  that  the  inflow  takes  place  without  shock,  (2) 
that  the  outflow  is  vertical,  and  (3)  that  the  best  speed  is 
represented  by  J  (c^  sin  a^  +  c  sin  a),  an  expression,  it 
will  be  remembered,  obtained  on  the  hypothesis  that  the 
velocity  of  flow  is  constant  for  all  speeds,  and  therefore 
from  a  theoretical  point  of  view  inaccurate. 

It  will  be  seen  that  the  calculated  speeds  for  inflow 
without  shock  and  vertical  outflow  with  some  exceptions 
agree   very  fairly;   this  proves  that  the   turbines   have 
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been  desigaed  in  accordance  with  the  generally  accepted 
principles. 

The  correspondence  between  the  speed  thus  fixed  and 
that  obtained  by  experiment  is,  however,  not  very  close, 
but  is  generally  better  than  between  the  latter  and  the 
velocity  as  calculated  on  assumption  (3). 

That  the  agreement  is  not  closer  is  due  to  the  unusual 
dimensions  of  the  vane-angles ;  as  long  as  the  latter  are 
within  the  limits  usual  in  ordinary  construction,  theory 
and  practice  harmonize  very  well  together,  but  from 
causes  explained  in  the  chapter  "  On  the  Best  Speed  of 
Turbines,"  this  concord  is  not  so  complete  under  abnoimal 
conditions,  as  then  the  relative  direction  of  inflow  accom- 
panied by  least  resistance  does  not  coincide  with  the  vane- 
angle. 

The  results  in  the  following  tables  are  given  in  the 
original  Austrian  measures,  which  do  not  differ  very 
greatly  from  English  standards. 

1  Vienna  foot  =    1-03710  English  foot. 

1  Vienna  sq.  foot     =    1  07557  English  sq.  foot. 

1  Vienna  cubic  foot=    I'll 546  English  cubic  foot. 

Results  of  Rittingers  Expcrwients. 

Turbine  No,  1. 

78"  0'.     Angle  of  guide-vanes  at  outflow. 

—  61"  0'.     Angle  of  wheel-vanes  at  inflow. 

64"  0'.     Angle  of  wheel- vanes  at  outflow. 

10*833  Vienna  inches :  Mean  radius  of  wheel. 

12:  Number  of  guide-vanes. 

24:  Number  of  wheel- vanes. 

4*333  Vienna    inches :    Width    of   wheel-buckets 

at  top. 
4333   Vienna   inches:    Width    of    wheel-buckets 

at  bottom. 


a    = 
«i  = 


i\  — 


t\,  = 


340 


HYDRAULIC  MOTORS. 


Depth  of  guide  passages  at  outflow,  15  Vienna  lines. 
Depth  of  wheel-buckets  at  outflow,  18  Vienna  lines. 

N.B. — 1  Vienna  indi  =  12  lines. 

A 

T  =  0-522.    A  =  0-452  x  O'O. 

(0*9  is  a  co-efficient  to  allow  for  obstraction  by  wheel- 
vanes.) 


1 

h 

Q 

Vienna 

n 

ft 

Bemarks. 

Vienna 

i            i 

feet. 

cubic  ft. 

1 

1 

6-25 

4-98 

160 

0 

2 

G-21 

5-25 

147 

0-326 

3 

G-19 

5-33 

144 

0395 

4 

C-18 

5-40 

140         0-455 

5 

C17 

5-48 

136     !     0-509 

,     (J 

C16 

5  57 

1.31     ,0  553 

rr 
1          ' 

615 

5-66 

126     ,     0'590       Low  degree  of  reaction.    | 

!      8 

C14 

6-74 

122     1     0-626     1                                             1 

\     9 

613 

6-83 

116     i     0-646 

10 

6-12 

5-92     !     110         0-669 

1  11 

611 

6-02 

105     ;     0  671 

12 

610 

607 

102 

0673 

,    13 

6*09 

612 

99 

0-673 

15044  -  ^. 

14 

6-08 

616 

96 

0-672 

15 

6-08 

6-22 

93 

0-667 

1(>  '     G-07 

6.32 

87 

0-656 

17  1     ()0<> 

6-43 

80 

0-631 

• 

Feet  per  second. 

Best  speed  as  observed          .         .         .  =    9-358 

(1)  Speed  for  inflow  without  shock     .         .  =    9*056 

(2)  Speed  for  vertical  outflow     .         .         .  =    7-060 

(3)  Speed  calculated  by 

?^  =  I  (r^  sin  a.,  -f  c  sin  a)      ,         .  =  10*866 

Mean 

of  (1)  a 

.nd  (2) 

•           • 

.  =    J058 
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Turbine  No.  2. 
a   =  73°  0' 
oi  =  54"  0'. 
a^  =  74°  0'. 

r   =  10'833  Vienna  inches. 
z    =  12. 
=  24. 
I  =  4*333  Vienna  inches. 
<•<  =  4*333  Vienna  inches. 


e 


Depth  of  guide  passages  at  outHow,  17  Vienna  lines. 

Depth  of  wheel-buckets  at  outflow,    G  Vienna  lines. 

A 

J-    :=  1*274.    A  =  0*511  X  0*9  Vienna  square  feet. 


A 
A 


1 

2 
3 

4 
5 
(5 
I 

8 

9 

10 

11 

12 


Q 


Vienna 
feet. 
6-25 
6-25 
6-25 
6-25 
6-25 
6-25 
6-25 

6*25 

6*25 
6*25 
6-25 
6-25 


I  Vienna 

'■  cubic  ft. 

!     5-25 

1     5-12 

513 

5-11 

508 

5-06 

506 

I    504 

'  5-02 
501 
4-99 
4-97 


lie  marks. 


242 
201 
189 
177 
164 
150 
143 

135 

127 
119 
102 

84 


0 
0-452 
0-533 
0-601 
0-655 
0-687 
0-695 

0697 

0-695 
0-688 
0-650 
0-586 


High  degriic  of  reaction. 


10955  =  c. 


Best  speed  as  observed 

(1)  Speed  for  inflow  without  shock 

(2)  Speed  for  vertical  outflow 

(3)  Speed  calculated  by 

w  =  ^  (c^  sin  a^  +  c  sin  a) 
Mean  of  (1)  and  (2)      . 


Feet  iKir  second. 

.  =  12*762 
.  =  14*899 
.=  13-400 

.  =  11*943 
.  =  14*149 
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Turbine  No,  3. 

a    =  (j8^  0'. 

ai  =  G5"  0'. 

«,  =  7d    0\ 

r    =  10*833  Vienna  inches. 

z    =  12. 

z,  =  12. 

Tj  =  4*333  Vienna  inches. 

c^  =  4*333  Vienna  inches. 

Depth  of  guide  passages  at  outflow,  24  Vienna  lines. 

Depth  of  wheel- buckets  at  outflow,  13  Vienna  lines. 

J  =  1*661.     A  =  0*722  X  0*9  Vienna  square  feet. 


h 
Vicuna 

ViMiiia 

n 

Remarks. 

feet. 

cubic  ft. 

1 

5  95 

G-97 

2G8 

0 

2 

001 

6-66 

224 

0-405 

3 

003 

G-60 

211 

0-479 

4 

()-05 

G-55 

198 

0-543 

Very  high  degree 

oi" 

5 

GOG 

6-49 

183 

0-589 

reaction. 

6 

6-08 

6-43 

168 

0-622 

G-09 

6-40 

160 

0-G31 

8 

610 

6'38 

151 

0*632 

9*811  =  c. 

9 

GIO 

6-35 

142 

0-030 

10 

Gil 

6-32 

132 

0-618 

11 

G13 

624 

113 

0-587 

12 

615 

619 

91 

0-519 

Best  speed  as  observed 

(1)  Speed  for  inflow  without  shock 

(2)  Speed  for  vertical  outflow     . 


Feet  i)er  .second. 

.  =  14*272 
.  =  16*933 
.  =  15-746 
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Feet  per  second. 
(3)  Speed  calculated  by 

•         w  =  h  (c^  sin  02  +  c  sin  a)         .  =  12^418 
Mean  of  (1)  and  (2)        .        .        .  =  16-339 

With  respect  to  Rittinger's  turbines  Nos.  1,  2,  and  3, 
with  which  the  first  series  of  trials  was  carried  out  at 
Blankso,  it  should  be  noticed  that  they  were  chiefly 
designed  to  test  the  influence  of  varying  degrees  of 
reaction  on  the  performance  of  the  motors.  The  results 
showed  that  turbine  No.  3,  with  the  highest  degree  of 
reaction,  gave  the  lowest  efficiency,  but  in  the  experiments 
made  with  part  of  the  guide  passages  closed,  it  also  proved 
to  be  less  sensitive  in  the  matter  of  efficiency  to  the 
influence  of  this  method  of  regulation. 

The  closing  of  half  the  guide  passages  reduced  the 
efficiency  of  turbine  No.  1  by  13  per  cent.,  of  turbine  No. 
2  by  19  per  cent.,  and  of  turbine  No.  3  by  only  10  per 
cent. 

A  deviation  from  the  best  speed  of  10  per  cent,  reduced 
the  efficiency 

of  turbine  No.  1  by  1  to  2  per  cent, 
„        No.  2  by  ^  per  cent. 
„        No.  3  by  J^  per  cent. 

The  ratio  of  the  best  speed  to  the  speed  without  a  load 
was 

for  turbine  No.  1  as  1  to  1'61, 
No.  2  as  1  to  1-79, 
No.  3  as  1  to  1-77. 
The  quantity  of  water  consumed  with   turbine  No.  1 
increased  as  the  speed  diminished,  owing  to  the  negative 
value  of  the  angle  of  inflow  aj,  while  with  turbines  Nos.  2 
and  3,  in  which  a[  was  positive,  the  contrary  occurred. 
This  is  in  accordance  with  theorv.  ^ 


it 
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Turbiiu  No,  4. 
a  =  78^ 
tti  =  -63. 
a^  =  65°, 

r  =  8"333  Vienna  inches. 
z   =12. 
;?!  =  24. 

Cj  =  3*333  Vienna  inches. 
e>  =  3'333  Vienna  inches. 

Depth  of  guide  passages  at  outflow,  8*17  Vienna  lines. 
Depth  of  wheel-buckets  at  outflow,   8*8  Vienna  lines. 
Depth  of  wheel-buckets  at  inflow,     9*33  Vienna  lines. 

•J  =  0-418.    A  =  0-1887  x  0-9  Vienna  square  feet. 


h 

Q 
-Vienna 

n 

«# 

Kumarks. 

Vienna 

feet. 

cubic  ft. 

1 

9-34 

3-06 

289 

0 

Turbine  with  ortliuary 

2 

0-22 

3-78 

186 

0-693 

bucket  form. 

3 

9-20 

3-89 

171 

0-711 

4 

9-20 

3*94 

164 

0716 

23-20  =  c. 

5 

919 

4-00 

156 

0-711 

6 

9-17 

405 

141 

0-705 

Gradually  decreasing 

7 

916 

417 

126 

0-674 

depth  of  passages  between 

'    8 

1 

9-14 

4-30 

112 

wheel-vanes. 

Best  speed  as  observed 

(1)  Speed  for  inflow  without  shock 

(2)  Speed  for  vertical  outflow 

(3)  Speed  calculated  by 

w  =  it  (cg  »in  ttj  +  c  sin  a)    . 
Mean  of  (1)  and  (2) 


Feet  per  second. 
.  =  11-922 
.  =  13-224 

.  =    8-779 

.  =  15-738 
.  =  11-001 
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Turbine  No.  5. 
a  =  76*  0 . 

ai=  -er  0. 

a^  =  65"  0'. 

r  =  8*333  Vienna  inches. 

fj  =  3*333  Vienna  inches.    2  =  12. 

e^  =  3*333  Vienna  inches,    z^  =  24. 

Depth  of  guide  passages  at  outflow,  9  5  Vienna  lines. 

Depth  of  wheel-buckets  at  outflow,  8*5  Vienna  lines. 

Depth  of  wheel-buckets  at  inflow,    9*5  Vienna  lines. 


4  =  0-504. 


A  =  0*220  X  0*9  Vienna  square  feet. 


1 
2 
3 

4 
5 
G 

7 
8 


Vienna 
feet. 
9-18 
914 
914 
913 

913 

912 
912 
911 


Bcmai'kH. 


Vienna 

cubic  ft 

303 

289 

3-60 

184 

3-66 

176 

3-71 

167 

377 

159 

3-82 

150 

3-95 

143 

4-08 

115 

0 
0-623 
0-636 
0-641 

0645 

0-639 
0-618 
0-575 


Passages  Ijctwcen  wheel - 
vanes  of  equal  Jwrlzantnl 
depth  throughout. 

19040 =c. 


Best  speed  as  observed 

(1)  Speed  for  inflow  without  shock 

(2)  Speed  for  vertical  outflow 

(3)  Speed  calculated  by 

w  =  \  (cg  sin  ag  +  c  sin  a) 
Mean  of  (1)  and  (2) 

The   experiments  with    turbines   Nos.  4   and   5  were 


Feet  per  second. 

=  11-471 
=  11 -464 
=    8-697 

=  13-581 

=  10080 
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made  at  Mariazell  and  intended  to  test  the  effect  on  their 
performance  of  diflferent  methods  of  constructing  the 
buckets. 

In  turbine  No.  4  the  buckets  were  of  the  form  usual 
in  turbines  of  the  type  in  question,  with  negative  angle 
a, ;  in  No.  5  the  wheel- vanes  were  so  designed  that  the 
clear  distance  between  them  measured  parallel  with  the 
direction  of  rotation  was  constant  throughout. 

Turbine  No.  4  gave  a  maximum  efficiency  of  7li  per 
cent.,  while  No.  5  developed  only  64J  per  cent. 

With  only  f  of  the  guide  passages  open,  the  efficiency 
sank  to  about  40  per  cent,  in  the  case  of  No.  4,  and  37  per 
cent,  with  ^  the  passages  closed ;  under  the  latter 
conditions  turbine  No.  5  had  an  efficiency  of  35  per 
cent. 

The  ratio  of  the  best  speed  to  the  speed  without  a  load 
was 

for  turbine  No.  4  as  1  to  1*76, 
No.  5  as  1  to  1-81. 


Turbine  No.  6. 

a   =  7o    20'. 

a,=  -  59"  40'. 

a..  =  03"  50'. 

r   —  0*4856  Vienna  feet. 

r,  =  0195  Vienna  feet,     z  =  12. 

e.i  =  0'195  Vienna  feet,     z^  =24. 

Depth  of  guide  passages  at  outflow,  7*2  Vienna  lines. 

Depth  of  wheel-buckets  at  outflow,  60  Vienna  lines. 

Depth  of  wheel-buckets  at  inflow,     7*2  Vienna  lines. 

-  -  =  0*54.    A  =  01 174  X  09  Vienna  square  feet. 
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 


Vienna 
feet. 
17-61 
17-58 
17-55 
17-52 
17-49 
17-46 
17-45 

17-43 

17-42 
17-40 
17-37 


i  Vienna 
cubic  ft. 
!  2-41 
2-48 
,  2-55 
1  2-62 
2-69 
2-75 
2-79 

2'82 

2-86 
2-89 
2-96 


n 

<• 

583 

0 

640 

0-231 

493 

0-410 

447 

0-544 

400 

0-633 

354 

0-687 

331 

0697 

308 

0700 

285 

0-694 

262 

0-679 

216 

0-626 

Bemarks. 


26-689  =  c. 


Best  speed  as  observed 

(1)  Speed  for  inflow  without  shock 

(2)  Speed  for  vertical  outflow    . 

(3)  Speed  calculated  by 

V)  =  J  (c^  sin  aj  +  c  sin  a) 
Mean  of  (1)  and  (2)      . 


Feet  per  second. 
.  =  15-645 
.  =  14-252 
.  =  12-934 

.  =  19-375 
.  =  13-593 


TarUnc  No,  7. 


a  =75    50'. 


a, 


=  -  G6^^  0'. 


a,  =  or  0'. 

r  =  0"4856  Vienna  feet. 

t'l  =  0*195  Vienna  feet,     z  =  12. 

r,  =  0-195  Vienna  feet.     :^i  =  20. 

Depth  of  guide  passages  at  outflow,  6*9  Vienna  hncs. 

Depth  of  wheel-buckets  at  outflow,  8*6  Vienna  lines. 

Depth  of  wheel-buckets  at  inflow,     6*9  Vienna  lines. 


d. 


=  0-433.    A  =  0-1117  X  0-9  Vienna  square  feet. 
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h 

Q 

1 

ft 

] 

Vienna 

Vienna 

feet. 

cubic  ft. 

1 

17-45 

2-84 

430 

0-485 

2 

17-41 

2-92 

392 

0-574 

Ordinal 

3 

17-37 

3-00 

357 

0-638 

4 

17-33 

308 

320 

0-670 

•• 

17-30 

312 

302 

0678 

3103 

6 

17-28 

316 

283 

0-676 

7 

17-24 

3-24 

247 

0-659 

8 

17-20 

3-32 

210 

0-616 

Remarkn. 


c. 


Best  speed  as  observed 

(1)  Speed  for  inflow  without  shock 

(2)  Speed  for  vertical  outflow     . 

(3)  Speed  calculated  by 

vj  =  ^  ((Tg  sin  ttg  +  c  sin  a) 
Mean  of  (1)  and  (2)      . 


Feet  per  sewjnd. 

.  =  15-352 
.  =  13-034 
.  =  11-756 

.  =  20-927 
.  =  12-365 


Titrhinc  No,  8. 
The  dimensions  of  this  turbine  were  the  same  as  those 
of  No.  7,  the  only  difference  being  in  the  form  of  the 
buckets. 


n 


llcnuirk.- 


1 
2 
3 

4 
5 
6 
7 
8 
9 


Vienna 

Vienna 

1 

feet. 

cubic  ft. 

17-49 

292 

440     ; 

17-36 

300 

403 

17-32 

3-08 

367 

17-29 

318 

332 

17-27 

3-20 

315 

17'25 

3*24 

297 

17-24 

3-28 

279 

17-22 

3-32 

261 

17-19 

3-40 

225 

0-481 
0-576 
0-641 
0-679 
0-691 

0*691 

0  690 
0-680 
0-645 


Bucket  with  ptis&iges 
of  nearly  equal 
depth  throughout. 


32*222  =  c. 
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Feet  per  second. 

Best  speed  as  observed         .  .  .  =  lo'lOO 

(1)  Speed  for  inflow  without  shock  .  .  =  13*533 

(2)  Speed  for  vertical  outflow     .  .  .  =  12*205 

(3)  Speed  calculated  by 

w  =  ^  (cg  sin  ag  +  c  sin  a)        .         .  =  21*730 
Mean  of  (1)  and  (2)      .         .         .         .  =  12*869 

If  no  allowance  be  made  in  calculating  the  effective 
value  of  A  for  the  obstruction  of  the  guide  passages  by 
the  passing  wheel-vanes,  then  all  of  Rittinger  s  turbines 
have  been  designed  for  simultaneous  inflow  without  shock 
and  vertical  outflow.  Rittinger  in  designing  the  wheels 
appears  to  have  neglected  the  obstruction  caused  by  the 
wheel-vanes ;  this  seems  to  be  confirmed  by  the  fact  that 
turbines  4  and  5  were  designed  for  a  consumption  of 
water  per  second  of  respectively  4*77  and  5*01  cubic  feet 
(Austrian),  whereas  at  the  best  speed  the  experiments 
showed  that  only  3*94  and  3*77  cubic  feet  were  actually 
used,  indicating  probably  an  insufficient  area  of  the  guide 
orifices. 

Turbines  6,  7,  and  8  were  also  tested  at  Blankso. 
No.  6  had  ordinary  wheel-vanes,  while  Nos.  7  and  8,  in 
other  respects  exactly  alike,  differed  in  the  construction 
of  the  vanes.  No.  7  was  made  with  ordinary  vanes  and 
passages  of  decreasing  depth  towards  the  outflow,  while 
No.  8  had  passages  of  nearly  equal  depth  throughout, 
measured  perpendicular  to  the  direction  of  flow — the 
object  being  to  determine  which  method  of  design  gave 
the  better  results. 

The  difference  in  efficiency  of  the  three  wheels  was  very 
slight. 

The  ratio  of  the  best  speed  to  the  speed  without  a  load 

was 

for  turbine  No.  6  as  1  :  TOO. 
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An  inspection  of  the  experimental  and  calculated  results 
obtained  with  Rittinger's  turbines,  as  given  in  a  com- 
pendious form  in  Table  A  for  the  best  speeds,  shows  very 

A 
plainly  the  effect  of  varying  ratios  j  on  the  velocity  of 

flow  and  speed. 

The  agreement  between  the  theoretical  and  experi- 
mental values  of  Ki  is  on  the  whole  satisfactory,  especially 
when  it  is  considered  that  the  effective  area  of  outflow 
from  the  guide  passages,  from  which  the  experimental 
velocity  of  flow  must  be  calculated,  is  somewhat  un- 
certain. 

For  turbines  1,  5,  6,  7,  and  8,  the  speed  for  inflow  with- 
out shock  agrees  most  closely  with  the  observed  best 
speed  ;  for  turbine  4  the  mean  of  the  speeds  for  inflow 
without  shock  and  vertical  outflow  gives  the  closest 
approximation  to  the  experimental  value.  In  all  of  these 
wheels  the  relative  angle  of  inflow  a^  is  negative;  an<l 
for  1,  5,  6,  7,  and  8,  the  observed  speed  is  greater  than 
that  corresponding  to  inflow  without  shock. 

With  turbines  2  and  3  the  actual  speed  agrees  best 
with  that  calculated  for  vertical  outflow.  Each  of  these 
wheels  has  a  very  unusually  large  j^ositive  angle  Oj  and 

A 
exceptionally  high  ratios  -j.     The  observed  speed  is  less 

than  that  calculated  for  inflow  without  shock. 

In  the  absence  of  available  data  as  to  the  thickness  of 
the  wheel- vanes  at  the  inlet,  it  has  been  assumed  that 
the  obstruction  of  the  guide  orifices  by  the  passing  wheel- 
vanes  reduces  their  area  by  10  per  cent.,  so  that  to'  arrive 
at  the  effective  value  of  A,  the  measured  area  A^  has 
been  multiplied  by  0'9.  Tiiis  would  be  rather  too  small 
a    co-efficient   for    wheels    of    large    or    moderate    size, 
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but  for  small  turbines  like  those  in  question  is  probably 
not  too  low,  since  in  a  small  motor  the  thickness  of  the 
vanes  is  relatively  to  the  area  of  the  passages  greater  than 
in  a  large  one. 

Haeners  Experiments  with  an  Axial  Turbine. 

About  the  year  1861  Edward  Haenel,  who  is  generally 
credited  with  having  constructed  the  first  turbines  with 
back-vanes,  carried  out  a  series  of  trials  with  a  turbine  of 
his  own  design,  which  were  very  complete  and  instnictive 
in  their  results. 

Haenel,  who  was  at  that  time  manager  of  the  Graflich 
Stolberg'schen  Maschinenfabrik  at  Magdeburg,  made  the 
experiments  in  question  in  conjunction  with  Mr.  J.  C. 
Bernhard-Lehmann,  the  present  manager  of  the  Maschin- 
enfabrik von  Queva  at  Erfurt. 

Descnption  of  the  Turbine. 

The  turbine  with  which  the  trials  were  made  was  one 
of  eight,  all  exactly  alike,  constructed  to  drive  a  mill  at 
Rothenburg  on  the  Saale.  Fig.  130  (p.  362)  shows  a 
vertical  section  of  this  motor. 

The  guide  apparatus  consisted  of  an  inner  casing 
carrying  the  guide-vanes,  and  an  outer  casing  connected 
with  the  supporting-frame.  The  vanes,  thirty-two  in 
number,  were  fastened  by  rivets  to  projections  on  the 
inner  casing.  The  thickness  of  twenty-four  of  these 
vanes  was  \  inch;  that  of  the  remaining  eight,  f  inch. 
To  the  ends  of  the  latter  were  attached  radial  wrought- 
iron  bars  projecting  beyond  the  outer  circumference  of 
the  vanes  and  fitting  into  corresponding  recesses  in  the 
outer  casing ;  these  bars  carried  the  weight  of  the  guide- 
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wheel  and  regulating  apparatus.  Surrounding  the  outer 
casing  was  an  annular  channel,  closed  at  the  top  by  a 
wrought-iron  ring,  and  divided  by  radial  ribs  into  thirty- 
two  compartments,  each  communicating  with  a  guide 
passage  by  means  of  a  hole  drilled  through  the  casing. 
The  wrought-iron  ring  had  an  equal  number  of  correspond- 
ing holes,  in  each  of  which  was  inserted  a  wrought-iron 
pipe  reaching  above  the  head-water  level  and  communi- 
cating with  the  atmosphere.  A  boss  with  four  arms  was 
connected  by  set  screws  to  the  inner  casing  of  the  guide- 
wheel,  and  the  spaces  between  the  arms  filled  in  by  sectors 
of  iron  plate. 

The  boss  contained  a  bearing  for  the  turbine-shaft 
consisting  of  three  blocks  of  lignum-vitae  held  in  cast- 
iron  frames ;  these  were  adjustable  by  means  of  wedges 
attached  to  rods  projecting  above  the  upper  water-level, 
so  that  they  could  be  conveniently  manipulated. 

The  wheel  itself  consisted  of  a  cast-iron  ring  with  four 
arms,  wrought-iron  vanes  riveted  on,  and  an  outer  casing 
of  sheet-iron. 

The  ring  was  cast  with  projecting  lugs  to  which  the 
arms  were  riveted.  There  were  thirty-two  back-vanes 
constructed  of  iron  \  inch  thick. 

The  surfaces  of  all  the  vanes  both  of  the  guide  appa- 
ratus and  wheel  were  polished  in  order  to  reduce  friction 
as  much  as  possible. 

The  entrance  of  the  water  to  the  guide  passages  was 
controlled  by  a  scroll-regulator  consisting  of  two  conical 
rollers  diametrically  opposite,  carrying  bands  of  gutta- 
percha, as  elsewhere  described.  The  regulator  was  worked 
by  a  spur-wheel  and  pinion,  the  latter  keyed  to  a  vertical 
shaft  carried  up  above  the  head-water  level.  The  gutta- 
percha bands  were  furnished  with  strips  of  wrought-iron 
on  the   outer  circumference,  to  give  stiflFness  and  resist 
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the  pressure  of  the  water ;  these  strips  were  \  inch  thick, 
J  inch  wide,  and  placed  \  inch  apart,  each  being  attached 
by  four  copper  rivets  to  the  band,  which  was  itself  \  inch 
thick. 

The  turbine-shaft  was  of  cast-iron,  hollow,  with  the 
main-bearing  above  water,  the  weight  being  carried  by 
a  wrought-iron  spindle  fixed  in  a  socket  resting  on  the 
foundation. 

The  passages  between  the  wheel -vanes  were  so 
designed  as  to  be  of  equal  section  throughout,  measured 
normally  to  the  direction  of  flow  of  the  water,  so  that 
the  relative  velocity  of  flow  in  the  buckets  would  remain 
constant  when  the  wheel  worked  under  water.  To 
attain  this  end,  the  buckets  were  made  wider  at  the 
outflow  than  at  the  inflow,  and  back-vanes,  as  already 
stated,  were  employed. 

The  following  were  the  leading  dimensions  and  propor- 
tions of  the  turbine  : — 
Outer  diameter  of  guide  and  wheel   at 

inflow  ..... 

Inner  diameter  of  guide  and  wheel  at 

inflow  ..... 

Mean  diameter  of  guide   and   wheel   at 

inflow  ..... 

Outer  diameter  of  wheel  at  outflow 
Inner  diameter  of  wheel  at  outflow 
Width  of  wheel-buckets  at  inflow 
Width  of  wheel-buckets  at  outflow 
Depth  of  wheel  .... 

Angle  of  outflow  from  guide-vanes 
Angle  of  inflow  of  wheel- vanes 
Angle  of  outflow  of  wheel-vanes  on  the 

concave  side  ..... 


=  5  ft.  1\  in. 

=  4  ft.  4J  in. 

(I 

=  5  ft.  0  in. 

=  6  ft.  3  in. 

-=  3  ft.  9  in. 

fl 

=  1  ft.  3  in. 

fi 

=  2  ft.  6  in. 

K 

=  1  ft.  0  in. 

a 

=  67°  30'. 

fli 

=  45°  0'. 

«2 

-  63^  40'. 

A  A 
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Angle  of  outflow  of  wheel-vanes  on  the 

convex  side  .  .  .  .  .02  =  67°  0'. 

Measured     area    of    outflow  from 

guide  passages        .  .  .    A^  =  3*28824  sq.  ft. 

Effective    area    of    outflow  from 

guide  passages        .  .  .    A  =  2*877984  sq.  ft. 

Effective    area    of    outflow  from 

wheel-passages       .  .  .    A^^  6*0155  sq.  ft. 

4-  =  0-47843  sq.  ft 

A2  ^ 

All  dimensions  given  are  in  Prvssian  feet  and  inches. 
1  lineal  Prussian  foot     =  1-02972  English  foot. 
1  square  Prussian  foot   =  1*06032  English  square  foot. 
1  cubic  Prussian  foot     =  1*09183  English  cubic  foot. 


Measurement  of  Power  developed. 

The  effective  work  done  by  the  turbine  was  measured 
with  the  ordinary  '*  Prony "  brake,  applied  to  a  brake- 
pulley  fitted  on  to  the  spur-wheel  keyed  to  the  turbine- 
shaft,  and  made  in  halves  bolted  together. 

The  brake-lever  was  connected  by  a  hiuged  rod  with 
a  bell-crank  lever,  to  one  arm  of  which  the  weights  were 
suspended.  One  of  the  brake-blocks  prolonged  to  form 
the  brake-lever  was  suspended  by  a  chain  to  the  roof. 
The  brake-pulley  had  an  outer  diameter  of  65f  inches 
and  a  breadth  of  6J  inches,  with  two  flanges  \  inch 
deep.     Water  was  the  lubricant  employed. 

To  determine  the  work  actually  developed  by  the 
wheel,  that  portion  of  it  spent  in  overcoming  shaft- 
friction  had  to  be  estimated  and  added  to  the  value  ob- 
tained by  brake-measurement.  For  this  purpose  the 
weight  of  the  different  parts  carried  by  the  main-bearing 


DESCRIPTIONS  AND  EXPERIMENTS.  355 

was  ascertained,  and  the  frictional  resistance  calculated 
with  the  co-efficient  0*075  given  by  Morin  for  footstep 
bearings.  The  diameter  of  the  bearing-spindle  was  3 
inches,  consequently  the  effective  radius  at  which  the 
resistance  must  be  taken  as  acting  was  1  inch.  The 
downward  pressure  exerted  by  the  water  during  its 
passage  through  the  buckets  was  neglected  in  determin- 
ing the  work  of  friction,  as  being  very  small  compared 
with  the  weight  of  the  turbine.  The  total  weight  on  the 
bearing  was  taken  as  6,932  lbs.  (Prussian). 

The  ratio  of  the  actual  work  done  by  the  wheel  (work 
measured  by  brake  phts  work  required  to  overcome  friction) 
to  the  available  energy  gives  the  hydraulic  efficiency  e,  as 
distinguished  from  the  actual  efficiency  e^. 

Water  Measurements. 

In  determining  the  quantity  of  water  used  by  the  tur- 
bine, a  float  was  employed  for  measuring  the  velocity  of 
the  fluid  in  the  head-race.  The  latter  was  of  exactly 
rectangular  section,  with  horizontal  floor,  and  8  feet  11 
inches  wide. 

The  float  was  formed  of  two  wooden  discs,  3  feet  in 
diameter  and  2  inches  thick,  connected  by  twelve  round 
bars  of  wood  equidistant  from  each  other  in  a  circle  of  32 
inches  diameter,  the  diameter  of  each  bar  being  1\  inch ; 
the  total  depth  of  the  float  was  2  feet  6  inches. 

Detailed  particulars  of  the  manner  in  which  the 
measurements  were  carried  out  are  not  given  in  the 
original  account  of  the  trials. 

The  time  was  observed  occupied  by  the  float  in  tra- 
versing a  distance  of  35  feet  after  it  had  attained  a  uni- 
form motion. 

The  water-levels  were  measured  in  close  proximity  to 
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the  turbine.  The  level  of  the  tail-water  was  indicated  by 
means  of  a  float  inserted  in  a  pipe  1^  inch  diameter, 
dipping  into  the  tail-race  and  passing  up  through  the 
floor  of  the  head-race.  To  the  float  was  attached  by  one 
end  a  cord  passing  over  a  roller,  and  carrying  at  its  other 
end  a  pointer,  which  indicated  the  water-level  on  a  scale. 
The  level  of  the  head-water  was  read  off  on  another  scale 
at  the  grating  through  which  the  water  passed  into  the 
turbine-chamber. 

During  the  experiments  no  depression  or  vortex  motion 
of  the  water  over  the  wheel  was  noticeable.  By  means 
of  a  sluice  the  lower  water-level  could  be  varied  so  as  to 
alter  the  head. 

Observations  were  made  at  speeds  varying  from  0  to 
the  speed  at  which  the  wheel  ran  without  a  load ;  the 
ratio  to  the  latter  of  the  best  speed,  as  shown  by  the  first 
series  of  experiments,  was,  with  all  the  guide  passages 
open,  0*482  ;  with  twenty  passages,  0"507.  It  must,  how- 
ever, be  pointed  out  that  the  head  was  not  in  these  cases 
quite  the  same  when  the  wheel  ran  without  a  load  as 
when  working  at  the  best  speed,  so  that  the  comparison  is 
not  strictly  accurate ;  it  will  be  seen  that  the  ratio  is  in 
both  instances  very  nearly  J. 

Comijarison  of  Experimental  and   Theoretical 

Results, 

For  inflow  without  shock  the  ratio  of  the  best  velocity 
at  the  mean  diameter  to  the  velocity  of  flow  should  be 

w      sin  (a  +  a^ 
c  "  cos  a^ 

Oj  being  in  this  case  negative. 

For  vertical  outflow  the  same  ratio  should  be  ex- 
pressed by 
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w       A    . 
—  =  —p  sin  ttg, 

c       A% 
and  if  the  turbii^p  has  been  designed  according  to  the 
principles  stated,  both  values  should  be  identical. 
Substituting  the  particular  values  for  Haenel's  turbine 

of  a  and  a^  Oj  and  — j-  in  the  two  formulas,  it  will  be  found 

A2 

that 

(1) 
and 

(2) 


dn  (a+cii) 


cos  a 


=  0-5412 


1 


-r-  sin  Oo  =  0*4344; 
A2  ^ 


in  calculating  the  latter  quantity,  the  mean  value  of  the 
angles  of  outflow  on  the  concave  and  convex  sides  of  each 
vane  has  been  used. 

It  is  clear  from  the  above  results  that  inflow  without 
shock  and  vertical  outflow  do  not  occur  at  the  same 
speed. 

The  actual  ratio  of  the  best  speed  as  ascertained  by 
experiment  to  the  velocity  of  flow,  with  all  the  guide 
passages  open,  is  in  one  case 

0-51489, 
in  another  0*57724, 

with  diflferent  heads;  the  mean  of  these  two  ratios  is 
054606,  which  agrees  very  well  with  the  theoretical 
ratio  for  inflow  without  shock.  A  variation  of  7  or  8 
per  cent,  above  or  below  the  best  speed  has  a  very  slight 
influence  on  the  efficiency,  so  that  for  all  practical  pur- 
poses the  values  obtained  on  the  assumption  of  inflow 
without  shock  are  sufficiently  close. 

It  is  noticeable  that  with  turbines  which  have  not 
been  designed  for  simultaneous  vertical  outflow  and  inflow 
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without  shock,  the  latter  condition  usually  agrees  best 
with  experiment  In  such  cases,  some  writers  advocate 
the  adoption  of  a  mean  between  the  values  calculated  on 
the  two  assumptions ;  for  Haenel's  turbine  this  would  give 

w      0-5412  +  0-4344       ^  ,^^^ 
T= 2 =  0-4878, 

which  is  sufficiently  near  one  experimental  ratio,  0*51489, 
but  does  not  agree  very  well  with  the  other,  0*57724. 

The  ratio  to  the  theoretical  velocity,  due  to  the  head 
over  the  guide-orifices,  of  the  velocity  of  flow  as  calcu- 
lated from  the  observed  efficiency  by  the  formula 


/ 


2  -r  Sin  a  sm  a^ 

is  for  the  efficiency  0'6949,  (the  best  result  recorded  in 
Table  3,)  Ki  =  0*930 ;  for  the  highest  efficiency  given  in 
Table  2,  Ki  is  practically  the  same.  Coxnparing  this  with 
the  experimental  values  of  Ki,  it  will  be  seen  that  in  the 
first  case 

Ki  =  0-8484, 
and  in  the  second 

ICi  =  11035. 

The  last  of  these  values  indicates  a  pressure  below  that 
of  the  atmosphere  in  the  clearance  space  between  guide 
passages  and  wheel,  since  the  velocity  of  flow  is  greater 
than  that  theoretically  due  to  the  head. 

That  the  co-efficient  Ki  should  vary  so  considerably  for 
the  same  wheel  is  explained  by  the  probable  supposition 
that  the  actual  effective  sections  of  the  stream  passing 
through  the  turbine  were  not  at  all  times  those  repre- 
sented by  the  dimensions  of  the  wheel,  but  were  altered 
by   the   formation   of  eddies  or  dead  water  within    the 
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passages  and  buckets,  not  participating  in  the  flow,  but, 
so  to  speak,  modifying  the  shape  of  the  walls  of  the 
channels. 

During  the  experiments  recorded  in  Table  2,  the 
immersion  of  the  wheel  was  only  about  0*5  foot,  while 
the  results  given  in  Table  3  were  obtained  with  an 
immersion  of  about  1*5  foot;  the  modifications  in  the 
effective  sections  of  the  stream  must  be  ascribed  to  the 
difference  in  the  immersion.  In  both  cases  the  co- 
efficient Ki  shows  that  the  wheel  worked  as  a  reaction 
turbine  at  the  best  speeds,  since  had  free  deviation  taken 
place  the  co-efficient  must  have  been  less  than  1  and 
greater  than  0'8484.  At  higher  speeds  than  the  best 
with  an  immersion  of  0*375  foot  and  less,  the  value  of  K^ 
is  what  might  be  expected  with  free  deviation,  and  is  very 
nearly  the  same  as  the  calculated  value. 

In  a  turbine  constructed  like  that  of  Hacncl,  with 
buckets  of  equal  section  throughout,  the  relative  velocity 
of  flow  and  pressure  is  nearly  constant  throughout  the 
bucket,  the  pressure  being  that  of  the  atmosphere ;  hence 
the  water  leaves  the  guide  passages  at  approximately 
atmospheric  pressure,  and,  apart  from  differences  in  the 
hydraulic  resistances,  the  velocity  of  flow  must  be  the 
same  as  if  free  deviation  took  place. 

It  will  be  seen  on  reference  to  the  tables  of  results  that 
as  the  speed  of  the  wheel  increases,  the  quantity  of  water 
consumed  decreases;  this,  as  explained  in  dealing  with 
Rittinger's  turbine  trials,  is  due  to  the  negative  value  of 
the  angle  a^ 

During  one  part  of  the  experiments,  the  ventilating 
pipes  communicating  with  the  guide  passages — referred 
to  in  the  description  of  the  turbine — were  open,  and 
during  another  part  closed,  but  no  appreciable  difference 
was  noticed  in  the  performance  of  the  wheel. 
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In  Fig.  129  the  efficiencies  and  quantities  of  water  per 
second  consHmed  by  the  wheel  are  plotted  as  ordinates 
with  the  number  of  revolutions  per  second  as  abscissae, 
and  for  these  values  the  mean  curves  have  been  drawn. 
The  dotted  portion  of  the  curve  of  efficiency  indicates  only 
the  probahle  form,  as  no  experimental  data  were  obtained 
below  a  certain  speed. 

In  the  following  tables  1,  lA,  2,  and  3,  will  be  found 
the  results  of  the  trials. 
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16 
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0            24-967164 

10196 
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6- 
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16 

6- 
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20 
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0 

0      0 

20 
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24 

6- 

-  0-0833      — 

67 

0 

0      0 

24 

[.-8333 

-0-25      '31-076 
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7587     0-6341 

28 

5-7017 

-0-2817  39011 

49 

14912 
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28 
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-0-375   ,47-907 

33 

17917 

11404      0-6365 

33 
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0    ;o 
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-  0-4583 
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20807 
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Jonva^  Tarbines  at  the  Doubling  and  Sewing-Thread  Mill, 
I  Goeggingen.^ 

The  Goeggingen  manufactory  on  increasing  their  works 
ordered  two  turbines  from  the  Augsburg  Maschinenfabrik 
to  utilize  the  water-power  of  the  Wert^i. 

The  available  fall  is  13*45  feet,  am  the  quantity  of 
water  per  second  423*8  cubic  feet,  equivalent  to  647 
horse-power. 

I  The  makers  of  the  turbines  guaranteed  an  eflSciency 
of  75  per  cent,  when  all  the  passages  in  the  wheel  were 
open,  and  70  per  cent,  when  half  were  closed. 

Accoixling  to  preliminary  measurements,  a  minimum 

^,  quantity  of  water  of  176'58  cubic  feet  per  second  could 

.'be  relied  on,  in  which  case  the  tail-water  level  was  about 

'    3*94  inches  below  the  average,  while,  when  floods  occurred, 

/the  upper  water-level  rose   by  as  much  as  1  foot  7'69 

inches ;  these  circumstances  had  to  be  taken  into  account. 

^       To  meet  these  requirements  two  Jonval   turbines   of 

i    equal  power  were  supplied,  each  of  which  could  be  re- 

!    gulated,  in  stages  of  ^^,  down  to  half  the  greatest  quantity 

of  water. 

Under  the  special  conditions  obtaining,  automatic  re- 
gulation is  unnecessary,  and  the  adjustment  is  effected 
through  a  series  of  sector-flaps  hinged  on  the  outside  of 
the  guide-vane  casing,  and  operated  by  hand-wheels,  as 
shown  in  the  illustration  (Fig.  131). 

Both  turbines  have  the  same  dimensions,  namely,  mean 
diameter  8  feet  0*46  inches,  width  of  buckets  1*475  feet 
=  1  foot  5*72  inches  (0*367  of  mean  radius).  Under 
ordinary  conditions  they  make  forty-six  revolutions  per 
minute. 

^  Zeitschrift  des  Vereins  Deiitschei'  Ligenimrey  vol.  xxx., 
p.  781. 
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They  have  each  thirty-six  cast-iron  guide-vanes  and 
thirty-eight  wheel-vanes  of  steel  plate,  and  the  depth 
of  the  guides  and  wheels  is  respectively  12*99  and  11 '81 
inches. 

The  wheel  is  surrounded  by  a  welded  wrought-iron 
ring,  and  keyed  to  the  hollow  cast-iron  shaft  by  a  complete 
truncated  cone  in  halves. 

The  main  bearing  is  of  the  overhead  (Fontaine)  type 
carried  by  a  fixed  wrought-iron  spindle.  This  bearing  is 
accessible  through  two  openings  in  the  hollow  shaft,  and 
the  latter  is  in  two  lengths  bolted  together  by  flanges. 
The  guide-casing  has  a  dished  top  with  an  adjustable 
bearing  of  lignum-vitse,  through  which  the  shaft  passes. 

Below  the  wheel  is  a  short  tube,  from  which  the  water 
flows  out  under  a  balanced  circular  sluice.  This  tube, 
in  the  event  of  the  tail-water  being  very  low,  would  act 
to  a  slight  extent  as  a  suction-tube.  The  position  of  the 
sluice  can  be  regulated  by  hand.  There  are  six  flaps  of 
wrought-iron  arranged  consecutively  round  one  half  of 
the  circumference  for  closing  the  guide  passages;  each  flap 
covers  three  passages.  An  arrangement  is  made  by  means 
of  which  air  is  allowed  free  access  to  the  guide  passages, 
when  the  latter  are  closed,  through  tubes  in  connection 
with  the  hollow  hinges  of  the  flaps. 

The  weight  of  the  complete  turbine  with  regulating 
apparatus  and  circular  sluice  is  about  twenty-six  tons. 


Water  Measurements. 

The  quantity  of  water  passing  through  the  turbine 
was  measured  by  means  of  current  meters,  as  it  was  im- 
possible to  use  a  weir  or  tumbling  bay.      Two   instru- 
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ments  were  employed,  one  manufactured  by  Elliott 
Brothers  and  the  other  by  Ertel  and  Son. 

For  the  purpose  of  measurement  the  whole  cross- 
section  of  the  channel  was  divided  into  twenty-four  rec- 
tangular parts,  eight  lengthways  and  three  in  depth,  in 
the  middle  of  each  of  which  the  velocity  was  observed. 
The  total  width  of  the  channel  was  about  19  feet  8*22 
inches,  the  depth  5  feet  4*72  inches. 

Both  the  instruments  used  were  carefully  tested  and 
their  constants  determined  before  use,  at  the  hydrometric 
experimental  station  under  the  management  of  Dr.  Bauern- 
feind  at  Munich. 

As  a  further  check  on  the  accuracy  of  the  observations, 
the  curves  of  equal  velocity  for  the  section  were  con- 
structed and  from  these  the  quantity  of  water  flowing 
per  second  calculated.  The  agreement  of  the  results 
obtained  by  the  two  methods  was  highly  satisfactory. 

Brake  Tests. 
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The  construction  and  dimensions  (in  millimetres)  of 
the  brake  used  for  determining  the  power  given  off  are 
clearly  shown  in  the  illustrations. 

In  the  preceding  table  the  leading  results  of  the  trial 
are  given. 

Experiments  with  480  horse-power  Turbines  at  the  Wood- 
fibre  Manufactory  of  the  Muenohen  Dachauer  Company, 
at  Olching.^ 

This  installation,  illustrated  by  Fig.  132,  consists  of  two 
turbines,  one  of  the  Jonval  and  the  other  of  the  Qirard 
type,  with  vertical  axes,  enclosed  in  wooden  chambers; 
the  latter  were  originally  made  for  a  smaller  quantity  of 
water,  but  to  avoid  costly  alterations  it  was  decided  to 
construct  the  new  motors,  with  which  the  tests  were 
carried  out,  to  suit  existing  arrangements.  Under 
ordinary  circumstances,  for  about  nine  months  of  the 
year  the  available  quantity  of  water  is  16  to  17  cubic 
mfetres  (565  to  600  cubic  feet)  per  second ;  in  dry 
seasons  this  sinks  to  10  to  11  cubic  metres  (350  to  390 
cubic  feet),  and  in  very  extreme  circumstances,  which, 
however,  only  last  a  short  time,  to  7  cubic  metres  (250 
cubic  feet).  The  fall  is  2*9  metres  (9  feet  6  inches),  and 
invariable. 

To  suit  these  conditions,  the  installation  was  so  de- 
signed that  with  the  normal  quantity  of  water  both 
turbines  work  together  with  full  admission.  When  the 
amount  of  water  decreases,  the  Girard  wheel  (which  is 
the  smaller)  is  regulated  by  closing  some  of  the  guide 
passages. 

*  Zeitschrift  des  Verdns  Dentsctier  In>genieiire,  vol.  xxxii., 
p.   125. 
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75*0  per  cent 


The  manufacturer,  Mr.  J,  G.  Landes  of  Munich,  guaran- 
teed the  following  results  : — 

1.  With    both    turbines    working   to- 

gether at  full  power,  with  the 
normal  quantity  of  water  , 

2.  With   the   Jonval   wheel  full,   and 

the  water  admitted  to  %  of  the 
guide  passages  of  the  Qirard 
wheel    ..... 

3.  With  the  Jonval  wheel  full,   and 

the  Qirard  wheel  with  ^  admis- 
sion    .  .  ... 

4.  With   the   Jonval  wheel  full,  and 

the  other  closed 
The  Jonval  turbine  was  designed  to  develop  at  least 
300  horse-power  under  all  circumstances,  and  the  other 
motor  to  utilize  the  remainder  of  the  available  power. 


74*6  per  cent. 

73*8  per  cent. 
75*0  per  cent. 


Dimensions  of  Turbines. 


Jonval  Wheel. 

GlUAUD. 

Inner 

Outer 

Totals  or 

Angle  of  outflow  from  guides 
Angle  of  outflow  from  buckets 

Diyifliou. 

Division. 

Means. 

7r  10' 

Trie 

71°  10' 

66*' 0' 

1 

73*  26' 

73**  20' 

73^  23' 

•^  J  O    r\9 

1 

1 

1 

Anglo  of  inflow  into  backets  . 

9^*25' 

9^*25' 

9^25' 

54   0 
11-81  in. 

1 
1  ■ 

1 

Clear  width  of  buckets    . 

16-34  in. 

13-78  in. 

30-12  in. 

it  top 
2914  iu. 

1 

'    1 

it  bottom 

Mean  diameter 

9  ft.  6*3  in. 

12  ft.  8-6  in. 

lift  1-86  in. 

9  ft.  6-38  in. 

irea  of  guide  x>assagos    . 
Outflow  area  of  buckets  . 

11-524  sq.ft. 

13-853  sq.ft. 

25-377  sq.ft. 

9-253  sq.ft. 

12-002  sq.ft. 

21 -255  sq.ft. 

2^umber  of  guide-vanes  . 

23 

30 

Number  of  wheel- vanes  . 

29 

38 

Thickness  of  guide- vanes 

0-69  in. 

0-59  in.     : 

Thickness  of  wheel- vanes 

0-51  in. 

0-51  in. 

U  B 
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The  Jonval  wheel  is  divided  hy  a  partition  between 
the  outer  and  inner  casing  into  two  concentric  parts  of 
unequal  width,  so  proportioned  that  the  power  developed 
in  each  is  nearly  the  same. 

Brake  Tests. 

For  measuring  the  effective  power  of  the  motors  a 
brake  of  the  usual  "Prony"  type  was  employed;  the 
brake-wheel  had  a  diameter  of  2*2  metres  (7  ft.  2*61  in.) 
and  a  width  of  0'65  metres  (1  ft.  9'66  in.).  Very  careful 
arrangements  were  made  for  keeping  the  wheel  and  brake- 
blocks  cool  during  the  experiments.  The  only  available 
place  for  applying  the  brake  was  on  the  horizontal  first- 
motion  shaft,  driven  direct  by  bevel-gearing  from  the 
vertical  turbine-shafts,  and  to  arrive  at  the  power  actually 
given  off  by  the  latter,  it  was  necessary  to  allow  for  the 
friction  of  the  gearing  and  horizontal  shaft.  This  was 
done  by  calculation  from  the  actual  weight  of  the 
machinery,  allowing  a  co-eflScient  of  friction  of  007  for 
the  bearings,  and  01 3  for  the  bevel-gearing  working  with 
iron  upon  iron. 

Water  Measurements. 

The  measurement  of  the  quantity  of  water  used  took 
place  in  the  head-race  by  means  of  current  meters.  For 
this  purpose  the  total  section  of  the  channel  was  divided 
into  twenty-eight  rectangles,  fourteen  in  the  width  and 
two  in  the  depth.  Three  instruments  were  used  simul- 
taneously at  different  points  of  the  stream  section,  one 
by  Elliott  Brothers,  another  by  Ertel  and  Son,  and  the 
third,  with  electric  signal,  by  Amsler.  In  consequence 
of  there  being  as  yet  no  weir  in  the  tail-race  by  which 
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the  level  of  the  water  in  the  latter  could  be  regulated, 
this  level  varied  according  to  the  quantity  of  water  used, 
and,  in  consequence,  during  experiment  No.  1,  the 
Girard  wheel  was  immersed  to  a  depth  of  2  inches,  while 
in  trials  3  and  4  the  Jonval  wheel  was  3-8G  inches  abwe 
the  tail-water  level.  This  of  course  affected  to  some 
extent  the  efficiency  of  both  wheels,  but  no  allowance 
has  been  made  for  this  in  the  results  given,  which  are  as 
follows : — 
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biue  alone. 

If  tlie  height  of  the  lower  edge  of  the  Jonval  wheel 
above  the  tail-water  surface  were  allowed  for  by  deduct- 
ing that  distance  from  the  available  head,  the  efficiency 
would  be  83  per  cent,  instead  of  79*8. 

The  object  of  dividing  the  Jonval  wheel  into  two  con- 
centric portions  in  this  case  is  partly  to  strengthen  the 
vanes  and  partly  to  allow  the  vane  angles  at  different 
diameters  to  be  independently  fixed.  Each  part  can 
then  be  treated  as  a  separate  wheel,  and  constructed,  if 
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necessary,  with  a  degree  of  reaction  differing  from  the 
other,  although  in  the  turbine  in  question  this  does  not 
appear  to  have  been  done  except  to  a  slight  extent. 

The  vane-angles  are  nearly  the  same  at  the  mean 
diameter  of  each  part;  this  could  not  be  the  case  were 
there  no  division. 

Francis's  Experiments. 

The  well-known  American  engineer,  Mr.  James  B. 
Francis,  carried  out  in  1851  a  series  of  very  complete 
experiments  with  two  large  turbines,  of  which  a  full 
account  is  given  in  his  work,  Lowell  Hydraulic  Ejypcri' 
incnts.  One  of  the  turbines  in  question  was  an  outward- 
flow  radial  (Fourneyron)  wheel,  the  other  an  inward-flow 
radial  wheel ;  the  former  of  these  was  made  for  the  Tre- 
mont  Mills,  the  latter  for  the  Boott  Cotton  Mills,  both 
at  Lowell,  Massachusetts,  where  the  experiments  were 
carried  out. 

Experiments  with  Tremont  Turbine. 
Descinption  of  Turbine. 

The  turbine  tested  was,  as  above  stated,  of  the  Four- 
neyron type  with  vertical  shaft. 

The  Wheel  consisted  of  a  central  plate  of  cast-iron  and 
of  two  crowns,  to  which  the  buckets  were  attached.  Tlie 
lower  crown  was  fastened  to  the  central  plate  by  set 
screws ;  the  upper  and  lower  crowns  were  precisely  alike, 
and  each  9i  inches  wide. 

The  Wheel-vanes  were  of  wrought-iron  ^*^  inch  thick, 
let  into  grooves  in  the  crowns,  and  secured  by  tenons 
in  mortices  cut  in  the  crowns,  and  riveted  over.  The 
vanes  terminated  J  inch  short  of  the  edges  of  the  crowns. 
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for  the  purpose  of  allowing  the  wheel  to  be  handled  with 
less  risk  of  injuring  the  ends  of  the  vanes. 

The  Gruide- Vanes  were  of  plate-iron  ^V  i"ch  thick, 
secured  by  tenons  to  the  bottom  of  a  cast-iron  cylin- 
drical casing,  to  the  flanged  upper  end  of  which  was 
bolted  the  cast-iron  mouth-piece  of  the  curved  supply-pipe. 
Up  through  the  centre  of  the  casing  passed  a  vertical 
cast-iron  tube  protecting  the  shaft  from  contact  with  the 
water.  The  upper  comers  of  the  guides  near  the  wheel 
were  connected  by  a  ring  or  garniture  composed  of 
thirty-three  pieces  of  cast-iron,  one  te  fill  each  space 
between  the  guide-vanes,  riveted  te  the  latter  and  to 
each  other. 

The  Regulating'Sluice  or  gate  was  cylindrical,  of  cast- 
iron,  passing  between  the  orifices  of  the  guide  passages 
and  the  inlets  to  the  buckets.  The  upper  part  of  the 
cylinder  was  stiffened  by  a  rib,  to  which  were  attached 
three  brackets,  each  connected  with  a  vertical  wrought- 
iron  rod ;  by  these  rods  the  gate  was  raised  or  lowered. 
The  rods  were  actuated  by  an  arrangement  of  levers, 
racks,  and  pinions.  The  weight  of  the  gate  was  counter- 
balanced by  weights  attached  to  the  levers. 

The  cylindrical  portion  of  the  gate  had  a  thickness  of 
one  inch. 

The  Supply-Pipe,  conducting  the  water  from  the  head- 
race to  the  wheel,  was  in  its  upper  part  of  wrought- 
iron  plates  f  inch  thick  riveted  together,  and  had  a 
diameter  of  9  feet  where  the  water  entered  horizontally, 
diminishing  in  the  curved  portion  to  its  junction  with  the 
cast-iron  mouth-piece  before  referred  to. 

Th4^  Shaft  was  of  wrought-iron,  8  inches  diameter  for 
the  main  part  of  its  length;  it  was  suspended  from  a 
collar  bearing  and  steadied  laterally  by  bearings  of  cast- 
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iron  lined  with  babbitt-metal,  one  in  the  cast-iron  shaft- 
tube,  the  other  in  the  floor  of  the  turbine-house  above 
the  supply-pipe.  The  collar-bearing  was  carried  upon  a 
gimbal  or  hollow  frame  resting  on  adjusting  screws 
supported  by  a  cast-iron  girder  connected  with  the  walls 
of  the  turbine-house.  At  its  lower  end  the  shaft  had  a 
neck  running  in  a  step  made  in  three  parts,  and  lined 
with  case-hardened  wrought-iron ;  this  step  was  furnished 
with  adjusting  screws,  by  means  of  which  the  shaft  could 
be  moved  slightly  in  any  direction  horizontally.  This 
step  did  not  bear  any  portion  of  the  weight  of  the  motor, 
but  only  served  to  retain  the  lower  end  of  the  shaft  in 
place. 

Dimensions  of  Txirhine. 

The  following  were  the   leading  dimensions  and  pro- 
portions of  the  turbine : — 

Angle  of  outflow  from  guides        .  Oj  =  02''. 

Angle  of  outflow  from  buckets  a.^  —  68". 

Angle  of  inflow  into  buckets        .  a^  =     0". 
Diameter  of  wheel  where  water 

enters 2ri  =  6*750  ft. 

Diameter  of  wheel  where  water 

leaves 2  rj,  =  8*292  ft. 

Width  of  guide   passages  where 

water  leaves     ....  c  =  0*9707  ft. 
Width   of  buckets   where   water 

enters Ci  =  0-9368  ft. 

Width   of  buckets   where   water 

leaves r,  =  0-9314  ft. 

Number  of  guide-vanes        .         .  2;    =  33. 

Number  of  wheel-vanes       .         .  ti  =  44. 
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in:  in. 


00117  ft. 


Thickness  of  guide-vanes    t  =  j\  in.  =  0'0083  ft. 
Thickness  of  wheel-vanes 

#j  =  ^2  = 

Measured  outflow  area  of  guide 

passages        .... 
Measured      outflow     area     of 

buckets        .        .        .        .       A^^  =  7  6869  sq.  ft. 

With  respect  to  the  outflow  areas  A^  and  A^  of  the 
guide  passages  and  buckets,  some  explanation  is  necessary 
of  the  manner  in  which  these  have  been  calculated. 


A'  =  6-5371  sq.  ft. 


Fig.  133. 


Francis  determined  these 
areas  by  ascertaining  the 
mean  values  of  the  shortest 
distances  a  h  and  c  d,  Fig. 
133,  between  two  adjacent 
vanes,  and  multiplying 
them  with  the  width  of  the 
passages  or  buckets  and 
their  corresponding  num- 
ber. It  is  open  to  ques- 
tion whether  or  not  this 
method  gives  the  true  areas.  The  ends  of  the  guide- 
vanes  are  comparatively  slightly  curved,  and  the  actual 
direction  of  the  stream  leaving  each  passage  is  assumed 
to  be  parallel  with  the  tangent  at  a,  the  extreme  end  of 
the  vane-curve  on  the  concave  face  of  the  vane.  This 
stream  would  consequently  be  bounded  by  the  parallel 
(dotted)  lines  through  a  and  b,  and  its  sectional  area  on 
leaving  the  orifices  would  be  less  than  if  all  the  filaments 
of  water  followed  similar  courses  relative  to  the  wheel. 
As  has  been  previously  pointed  out,  it  would  be  reason- 
able to  suppose  that  the  fluid  occupies  the  largest  section 
possible,  and,  in  the  case  of  the  turbine  in  question,  this 
must  happen   when  it  follows  similar  curves  through  all 
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points  of  the  circumference.    Under  such  conditions  the 
area  A^  would  be  found  by  the  well-known  formula : 

A^  =i  e  (2n  r  cos  a  ^  z  t). 

Experiment,  as  will  be  subsequently  shown,  proves  that 
calculated  results  do  not  agree  so  well  with  practice  on  the 
latter  hypothesis  as  when  Francis's  method  of  computing 
the  areas  is  adopted,  and  therefore  the  dimensions  given 
above  and  in  Table  A  have  been  calculated  by  Francis's 
method.     (  Ftrfc  p.l22et  acq.) 

In  tho  Tremont  turbine  the  guide-vanes  did  not  extend 
to  the  outer  circumference  of  the  casing,  as  room  had  to 
be  left  for  the  regulating-gate  between  the  guide-vanes 
and  buckets.  On  this  account  no  allowance  has  been 
made  for  the  obstruction  of  the  wheel-vanes  in  estimating 
the  effective  area  of  outflow  A  from  the  guides,  as  the 
distance  of  the  edges  of  the  wheel-vanes  from  the  guide 
passage  orifices  is  very  considerable.  The  co-eflScient  of 
contraction  assumed  is  0*9,  and  with  this  the  effective  area 
of  the  guide  passages 

A  =  5*8834  square  feet. 

Tho  same  co-efficient  has  been  used  in  calculating  the 
outflow  area  from  the  buckets 

A2  =  6'9182  square  feet. 

From  the  dimensions  given  the  following  ratios 
result : 

^  =  0-850 ;  ^  =  0-814  ;  ^'  =  1-006. 

Method  of  conducting  ExpeHments, 

The  chief  quantities  to  be  ascertained  were  as  usual 
the  actual  power  developed,  the  quantity  of  water  passing 
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through  the  wheel,  and  the  head,  but  in  addition  to  these 
an  arrangement  was  made  for  observing  the  absolute 
direction  in  which  the  water  left  the  wheel,  and  the 
temperature  was  also  noted. 

For  each  class  of  data  a  separate  observer  was  appointed, 
and  the  time  of  each  observation  recorded. 

Measurement  of  Head. 

The  level  of  the  water  in  the  head-race  was  observed 
immediately  before  entering  the  supply-pipe,  and  the 
level  of  the  tail-race  in  the  wheel-pit.  For  these  observ- 
ations hook-gauges  were  employed,  enclosed  in  boxes  to 
which  the  water  was  admitted  only  through  a  hole  in 
the  bottom,  in  order  to  prevent  the  surface  where  the 
measurements  were  taken  from  being  affected  by  oscilla- 
tions and  other  disturbances.  Both  gauges  had  the  same 
zero  point,  so  that  the  difference  in  the  readings  gave  the 
desired  head  at  once. 

Measurement  of  Power  developed. 

For  ascertaining  the  eflfective  power  given  oflf  by  the 
wheel  a  Prony  brake  was  employed,  applied  to  a  pulley 
attached  to  the  vertical  shaft  of  the  turbine.  The  fric- 
tion-pulley was  of  cast-iron,  5  feet  in  diameter,  2  feet 
wide  on  the  face,  and  3  inches  thick.  The  brake  was  of 
maple  wood,  made  in  two  blocks  drawn  together  by 
bolts,  one  of  the  blocks  being  prolonged  to  form  the 
lever.  The  end  of  the  lever  was  supported  in  a  scale 
at  the  end  of  one  arm  of  a  vertical  bell-crank  lever,  to 
the  other  arm  of  which  the  weights  were  hung.  To 
regulate  the  motion  of  the  brake  and  prevent  sudden 
shocks,  a  hydraulic  regulator  or  dashpot  was  employed 
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in  connection  with  the  bell-crank  lever  in  a  manner  now 
well  known. 

To  ascertain  the  velocity  of  the  wheel  a  counter  was 
attached  to  the  top  of  the  vertical  shaft,  so  arranged  that 
a  bell  was  struck  at  the  end  of  every  fifty  revolutions  of 
the  wheel.  The  friction-pulley  was  lubricated  and  cooled 
by  four  jets  of  water,  the  mean  quantity  used  during  two 
trials  being  0*0288  cubic  feet  per  second. 

In  some  of  the  experiments  with  heavy  weights  and 
low  velocities,  oil  was  used  instead  of  water,  as  the 
friction  was  found  to  be  greater  with  the  foimer. 

Observation   of  Absolute   Direction   of  Outfloio, 

For  ascertaining  the  absolute  direction  in  which  the 
water  left  the  wheel,  the  following  apparatus  was  em- 
ployed :  a  rectangular  vane  was  placed  near  the  circum- 
ference of  the  wheel,  keyed  to  a  vertical  shaft  which 
turned  freely  on  a  step  resting  on  the  wheel-pit  floor. 
The  upper  end  of  the  shaft  carried  a  pointer  which  indi- 
cated the  position  of  the  vane  on  a  graduated  semicircular 
scale  divided  into  180  degrees.  When  the  vane  was 
parallel  with  a  tangent  to  the  circumference  of  the  wheel 
drawn  through  the  point  nearest  to  the  axis  of  the  vane, 
and  the  latter  pointed  in  the  direction  of  the  motion  of 
the  wheel,  the  pointer  indicated  0";  when  the  vane  was 
in  a  radial  position  relative  to  the  wheel  the  pointer 
indicated  90°. 

Measurement   of  Quantity  of  Water, 

The  quantity  of  water  passing  through  the  turbine 
was  gauged  by  a  weir  erected  for  the  purpose  at  the 
mouth   of  the   wheel-pit.      To  quiet  the  surface  of  the 
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water  before  reaching  the  point  at  which  tlie  measure- 
ments in  connection  vrith  the  weir  were  made,  a  grating 
was  placed  across  the  wheel-pit.  The  measuring-weir 
had  two  bays  of  nearly  equal  length,  one  being  8*489  feet, 
the  other  8-491  feet. 

The  crest  of  the  weir  was  of  cast-iron,  planed  on  the 
upper  edge  and  on  the  up-stream  face  for  a  width  of  1^ 
inch  below  the  top ;  the  upper  edge  was  3  inch  thick 
and  practically  horizontal.  The  up-stream  corner  was 
sharp.  The  ends  of  eacli  bay  were  of  wood,  and  of  the  same 
form  as  the  crest  near  the  edges.  The  ends  of  the  bays 
projected  a  mean  distance  of  1*235  feet  from  the  walls  of 
the  wheel-pit,  and  from  the  central  pier  dividing  the  weir 
into  two  parts. 

The  crest  of  the  weir  was  about  6*5  feet  above  the  floor 
of  the  wheel-pit  which  formed  the  canal  of  approach. 

The  depth  of  water  or  head  over  the  weir  was  observed 
by  means  of  a  hook-gauge  enclosed  in  a  box,  the  distance 
of  the  gauge  from  the  weir  being  about  5*5  feet. 

The  formula  used  for  calculating  the  quantity  of  water 
from  the  head  h  over  the  weir  was  that  of  Francis  : 

Q  =  3-33  (Z  -  0-1  n  h)  hK 
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Results  of  Experiment. 

The  more  important  results  of  the  trials  of  the  Tremont 
turbiDe  are  given  in  the  preceding  table,  compiled  from 
the  original. 

For  the  bed  speed  the  experimental  results  will  be  com- 
pared with  those  obtained  by  calculation  on  three  assump- 
tions as  regards  the  method  of  computing  the  areas  of 
outflow  A  and  A^. 

(1)  When  determined  on  the  assumption  that  all  fila- 
ments of  water  follow  the  same  relative  course : 

A  =  7*6424  square  feet, 
A.,  =  4-4809       „ 
and 

4  =1-705. 
A., 

(2)  With  A  as  above  and  A^  as  determined  by  Francis: 

A   =  7-6424, 

A.^  =  6*9182  square  feet  (allowing 
for  contraction),  and 

4  =  1105. 

(3)  Wlien  both  areas  are  estimated  in  the  manner 
adopted  by  Francis: 

A  =  5-8834, 
^2  =  6-9182, 

4-  =  0-850. 

JThe  following  table  shows  side  by  side  the  experimental 
data  and  the  figures  obtained  by  calculation  under  all 
three  hypotheses. 

The  angles,  it  should  be  remembered,  vary  according  to 
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the  way  in  which  the  outflow  areas  are  computed,  and  the 
values  for  them  employed  in  calculation  must  be  those 
corresponding  to  the  mean  direction  ofjlmo,  not  necessarily 
nor  generally  the  vane-angle. 


Co-efficiont  of  flow  iT, 

Co-efficient  of  velocity  K-i 
i  For  inflow  without  shock  Kt 
For  radiivl  absolute  outflow  K-z 
Mean  value  Kt 


Purely  Theoretical  viUucs. 

For  inflow  without  shock    K-i 
For  radial  aWiluto  outflow  Kt 
I  Mean  value  A^.' 


A  =7 

1 
) 

-6424. 

(2) 

A^l 

»-8S34 

(1 

(3) 

A 

A 

A 

At~ 

1-705. 

-.    =1-105. 
Ai                     1 

-.    =0-850. 
At 

Experi- 

Calcu- 

Exi>eri-! Calcu- 

Experi- 

Calcu- 

mental. 

lated. 

mentaLl  latod. 

mental. 

Litcd. 

0-628 

0-586 

0-628 

0-748 

0-815 

0-856 

0-C-2tf4 

0-6264 

' 

0-6264 

0-564 

0-564    I 

0-734 

0-848 

0-523 

0-5-23 

0-62t)4 

0-706 

0-6264 

0-543 

i 

0-6264 

0-628 

0-5-26 

• 

0-672 

0-756 

0-71»-2 

0-6-23    ' 

0  549 

0-05» 

1 

0-647 

0-662 

From  the  above  figures  it  will  be  seen  that  the  third 
method  of  determining  the  outflow  areas  gives  by  far  the 
best  agreement  with  experiment  both  as  regards  the 
velocity  of  flow  and  the  velocity  of  rotation.  The  mean 
of  the  calculated  speeds  for  inflow  without  shock  and 
radial  outflow  agrees  very  closely  with  experiment ;  the 
differeuce  between  these  speeds  shows  that  the  wheel 
has  not  been  designed  for  simultaneous  fulfilment  of  both 
conditions. 

A  further  confirmation  of  the  correctness  of  the  third 
method  of  calculation  adopted  is  aflforded  by  the  observed 
directions  of  outflow  of  the  water  from  the  wheel  at 
certain  speeds. 

On  reference  to  the  table  of  results  obtained  with  the 

^  Calculated  from  observed  quantity  of  water. 
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Tremont  turbine,  it  will  be  seen  that  at  the  best  speed 
(line  30)  the  angle  at  which  the  water  left  the  wheel,  as 
indicated  by  the  vane  used,  was  58°  10';  as  determined 
by  graphical  construction  from  what  has  been  termed 
the  experimental  velocity  of  flow  and  the  actual  speed, 
this  angle  is  about  64°.  This  is  a  very  fair  agreement 
under  the  circumstances,  and  proves  that  the  data  from 
which  the  velocity  of  flow  has  been  ascertained  are  nearly 
correct,  as  well  as  the  corresponding  relative  angle  of 

outflow  Oj. 

At  a  velocity  of  rotation  of  0*646  of  the  velocity  due 
to  the  head,  the  angle  of  absolute  outflow  observed  was 
99°  25';  while  according  to  calculation  (from  observed 
data)  radial  outflow  (corresponding  to  an  angle  of  90°) 
would  have  occiu'red  for  JTg  =  0'523. 

It  is  remarkable  that  the  purely  theoretical  mean  values 
of  JTg  ^^^  ^^^  ^^®  three  'methods  of  calculation  are  very 
nearly  the  same. 

The  quantity  of  water  passing  through  the  turbine  as 
calculated  theoretically  by  the  third  method  is  greater 
than  by  the  first. 


Experiments  with  Turbine  at  Boott  Cotton  Mills. 

This  turbine,  like  that  at  Tremont,  was  made  to  the 
designs  of  Mr.  Francis  in  1849,  being  one  of  a  pair  intended 
to  develop  about  230  horse-power  with  a  fall  of  19  feet. 
It  was  of  the  radial  inward-flow  type. 

The  IVheel  was  of  cast-iron  with  plate-iron  vanes  \ 
inch  thick,  the  upper  of  the  two  crowns  enclosing 
the  buckets  being  attached  to  a  central  plate  with  boss 
keyed  to  the  shaft  and  curved  downwards  towards  the 
centre  so  as  to  form  a  kind  of  inverted  cone,  in  order  to 
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guide  the  water  after  leaving  the  buckets  from  the 
horizontal  to  the  vertical  direction. 

The  Guide  Apparatiis  was  formed  by  two  flat  rings  or 
crowns,  containing  the  guide-vanes  between  them,  sur- 
rounding the  wheel.  The  guide-vanes  were  of  plate-iron 
y^  inch  thick. 

The  Bestuiating-Gate  was  a  cast-iron  cylinder,  as  in  the 
case  of  the  Tremont  turbine,  passing  between  tlie  guide- 
orifices  and  buckets.  This  gate  was  made  to  slide  on 
the  circumference  of  a  disc  supported  from  four  brackets 
resting  on  columns,  the  disc  having  the  object  of  reliev- 
ing the  wheel  from  the  pressure  of  the  column  of  water 
above  it.  The  gate  was  kept  water-tight  by  means  of 
leather  packing  against  the  circumference  of  the  disc; 
the  latter  also  contained  the  lower  bearing  for  the  turbine- 
shaft. 

The  water  was  conducted  to  the  wheel-pit  (or  fore- 
bay)  by  a  wrought-iron  riveted  pipe  about  130  feet 
long  and  8  feet  in  diameter,  constructed  of  plates  f  of 
an  inch  thick. 

The  Shaft  was  of  wrought-iron  suspended  from  a 
collar-bearing,  and  steadied  laterally  by  two  bearings 
adjustable  by  means  of  set  screws.  The  top  of  the 
fore-bay  was  closed  to  prevent  the  water  rising  to  its 
natural  level  by  about  6  or  7  feet,  so  that  the  shaft  had 
to  pass  through  a  stuffing-box. 


Dimermoiis  of  Turbine. 

The  following  were  the  leading  dimensions  and    pro- 
portions of  the  turbine  : — 

Angle  of  outflow  from  guides  .         .     a   =  78°. 
Angle  of  outflow  from  buckets  .     a^  =  75°. 

cc 
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Angle  of  inflow  into  buckets  . 
Diameter    of    wheel    where    water 

enters     .  .  ,  .  .  ir^ 

Diameter    of    wheel    where    water 


a,  =  30°. 


.  2r,  = 


leaves      .... 
Width    of    guide    passages    where 

water  leaves      .... 
Width     of    buckets    where    water 

enters      ..... 
Width    of    buckets    where     water 

leaves      ..... 
Number  of  guide-vanes . 
Number  of  wheel-vanes 
Thickness  of  guide-vanes  t  =  ^^  in. 
Thickness  of  wheel-vanes  t^  =  t2  =  {  ixL 
Measured  area  of  guide  passages       .     A^ 
Measured  outflow  area  of  buckets     .    A^^ 


e  = 

Ci  = 

e^  = 

z  = 

Zi  = 


9-338  ft. 

7-987  ft.    • 

10066  ft. 

1-0066  ft. 

1-2300  ft. 
40. 
40. 

00156  ft, 
0-0208  ft. 
5-904  sq.  ft 
6-8092  sq.  ft. 


The  areas  A^  and  A^  are  those  obtained  by  taking  the 
shortest  distance  between  two  vanes,  measured  from  the 
extremity  of  one  of  them,  as  the  xlepth  of  the  outflow 
section  of  each  passage  or  bucket  This  gives  a  larger 
area  than  the  assumption  that  every  filament  of  water 
follows  the  same  relative  course.  The  angle  of  outflow 
is  given  by  the  direction  of  a  perpendicular  to  the  plane 
of  the  outflow  section  in  the  centre  of  the  latter,  as  else- 
where explained ;  the  angles  of  flow  are  therefore  not 
the  same  as  the  vane-angles. 

In  the  present  case,  owing  to  the  considerable  space 
between  the  extremities  of  the  guide-vanes  and  the  en- 
trance to  the  buckets  to  allow  room  for  the  reorulatinor- 
gate,  some  uncertainty  exists  as  to  the  true  value  of  the 
angle  a.  If  the  water  continued  to  follow  the  direction 
in  which  it  issues  from  the  guide  passages,  a  portion  of 
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Fig.  184. 


it,  instead  of  coming  in  contact  with  the  buckets,  would 
simply  pass  round  the  out- 
side of  the  wheel,  as  indi- 
cated in  the  sketch,  Fig. 
134.  This  of  course  is 
impossible,  as  fresh  water 
keeps  flowing  in,  so  that 
the  fluid  must  be  deflected 
to  some  extent  before  en- 
tering the  wheel ;  what 
this  deflection,  and  there- 
fore the  absolute  direction  of  inflow  is,  it  is  impossible  to 
say  with  certainty.  It  has,  in  the  present  instance,  been 
assumed  that  the  angle  a,  which  the  direction  of  flow 
of  the  water  immediately  before  entering  the  buckets 
forms  with  a  radial  line  to  any  point  of  entry,  is  the  same 
as  the  angle  at  which  it  leaves  the  guides ;  if  the  course 
remained  unchanged,  the  former  would  be  greater  than 
the  latter — in  the  case  of  some  portions  of  the  fluid,  90^ 

The  efiective  area  of  outflow  from  the  guide  passage, 
after  allowing  for  contraction,  is 

A  =  5'3136  square  feet, 
^2=  61283      „ 

dimensions    given,    the    following    ratios 


while 

From    the 
result : 


A 
A 


4  =  0-867, 


r 


'-^  =  1169, 


Tc 


-1  =  0-82, 
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The  method  of  couducting  the  experiments  and  the 
apparatus  employed  were  practically  the  same  in  the 
case  of  the  Boott  turbine  as  for  the  Tremont  turbine,  and 
require  no  special  description. 

Results  of  Experiments. 

The  more  important  results  of  the  trial  of  the  turbine 
at  Boott  are  given  in  the  preceding  table. 

Comparing  experimental  with  calculated  results,  for 
the  best  speed  it  will  be  seen  that  while  the  observed 
value  of  K^  =  0*726,  the  value  as  calculated  from  the 
observed  efficiency,  after  allowing  for  shaft  friction,  is 
K^  =  0-659. 

The  experimental  co-efficient  of  speed  K^  =  0*637 ; 
that  calculated  from  the  observed  velocity  of  flow,  for 
the  assumption  that  the  inflow  is  without  shock,  is  K^  = 
0*797 ;  the  agreement  in  this  case  is  not  good,  the  actual 
velocity  of  rotation  being  much  less  than  that  corre- 
sponding to  inflow  without  shock. 

For  radial  outflow  K^  =  0*711,  a  much  closer  corre- 
spondence. 

The  purely  theoretical  value  of  K^,  calculated  with  the 
theoretical  value  of  K^,  is  for  inflow  without  shock, 

K^  =  0*724, 
for  radial  outflow  K^  =  0*645. 

The  latter  of  these  figures  is  very  near  that  obtained  by 
experiment,  the  purely  theoretical  values  thus  showing 
a  closer  agreement  with  the  facts  than  those  calculated 
from  the  observed  velocity  of  flow. 

The  imperfect  agreement  of  the  calculated  with  the 
experimental  results  is  probably  due  to  the  actual 
absolute  direction  of  flow  of  the  water  on  entering  the 
wheel  being  different  to  that  assumed ;   the  true  angle 
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a  less  than  78"*.  This  would  make  the  calculated  speed 
less  than  the  velocity  above  stated,  and  at  the  same  time 
increase  the  calculated  value  of  Ki,  bringing  it  into  closer 
agreement  with  actual  results. 

The  diflference  between  the  values  of  the  co-efficient 
JC2  as  determined  for  inflow  without  shock  and  radial 
outflow  shows  that  the  turbine  was  not  exactly  designed 
in  accordance  with  the  principles  adopted  by  the  author ; 
the  difference  is  not  sufficient  to  cause  any  serious  dis- 
crepancy between  theory  and  practice.  In  such  cases, 
as  elsewhere  pointed  out,  it  is  safest  to  take  the  mean 
of  the  values  of  K^  for  inflow  without  shock  and  radial 
outflow. 


Holyoke  Testing  Station. 

At  Holyoke  in  Massachusetts,  in  the  United  States, 
there  is  a  large  permanent  installation  for  testing  tur- 
bines, the  only  one  of  the  kind  in  the  world,  of  which 
the  following  account  is  taken  from  the  pamphlet  pub- 
lished by  the  Holyoke  Water  Power  Company,  to  whom 
the  establishment  belongs : — 

"  The  Holyoke  Water  Power  Company  controls  the  flow 
of  the  Connecticut  river  at  Holyoke,  Mass.,  on  a  fall  of 
nearly  60  feet.  Above  its  dam  is  a  drainage  area  of 
8144  square  miles,  as  measured  on  the  best  maps  in 
existence  at  the  present  time.  At  this  date  (1883)  there 
are  nearly  15,000  horse-power  in  use  by  day,  and  over 
8000  by  night,  of  which  part  are  '  permanent  powers/ 
held  by  the  parties  using  them  under  indentures,  and 
subject  to  annual  rental,  and  the  balance  are  '  surplus 
powers,'  held  by  the  parties  using  them  subject  to  with- 
drawal at  short  notice.  Surplus  powers  are  paid  for  from 
day  to  day,  and  according  to  the  amount  used.    In  times 
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of  drought,  if  used  after  prohibition,  the  parties  so  using 
are  liable  to  a  heavy  penalty.  There  are  at  date  139 
water-wheels  in  use  in  Holyoke,  of  which  fifty-nine  run 
about  ten  hours  per  day,  and  eighty  run  from  Sunday 
midnight  to  Saturday  midnight,  or  144  hours  per  week. 
The  number  of  distinct  establishments  operated  by  these 
wheels  is  about  seventy.  Observations  are  taken,  giving 
the  opening  of  the  speed-gates  of  each  wheel  and  the  head 
acting  upon  it,  once  a  day,  and  once  during  each  night. 

"  These  are  carefully  preserved,  and  from  them  are  com- 
puted the  amounts  discharged  by  each  establishment  during 
the  quarter  year,  and  the  '  surplus  power '  thus  shown  to 
have  been  used  is  paid  for  at  the  end  of  the  quarter. 

"This  system  results  in  economy  in  the  use  of  water, 
where  otherwise  there  would  be  great  wastefulness.  In 
times  of  low  water  it  restricts  the  use  of  water,  and,  when 
need  be,  confines  all  parties  to  their  indentured  quantities. 

"  For  the  purpose  of  making  the  necessary  experiments 
on  the  wheels  of  their  tenants  before  they  are  set  in  the 
mills,  the  Holyoke  Water  Power  Company  has  built  at  a 
large  outlay  a  permanent  testing  flume.  .  .  .  Wheels 
are  tested  here  both  for  power  and  for  amount  of  water 
discharged.  They  are  usually  tested  at  five  or  six  dif- 
ferent openings  of  the  speed-gate,  ranging  from  wide  open 
to  the  opening  at  which  the  discharge  is  one-half  that  at 
full  opening,  and  at  five  or  six  different  velocities  of 
revolution  at  each  gate  opening,  making  some  thirty  odd 
experiments  in  all  on  each  wheel.  The  final  result  is, 
that  for  all  practical  purposes  the  water-wheel  has  been 
converted  into  a  water-meter,  and  its  discharge  may  be 
known  under  any  of  the  conditions  under  which  it  is 
found  in  the  mill.  Besides  this,  its  efficiency,  or  the  value 
of  the  wheel  as  a  water-motor,  is  also  known.  Owing  to 
the  permanent  and  special  arrangements  made  for  testing 
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3  and  the  large  number  of  wheels  tried,  the  company 
Ae  to  carry  out  the  tests  at  much  less  expense  than 

be  possible  if  the  experiments  were  made  in  the 
3r  manufactory  where  the  wheel  is  used,  and  the 

is  that  large  numbers  of  wheels  are  sent  from  all 
of  the  United  States  to  be  tested  at  Holyoke. 
16  underground  portion  of  the  testing  flume  (vide 
135)  consists  in  the  main  of  a  trunk  or  penstock 
inging  the  water;  a  sort  of  vestibule  B;  an  ante- 
yer  C;  the  wheel-pit  D;  and  the  tail-race  E.    The 

^  is  of  boiler-iron,  about  9  feet  in  diameter,  laid 
)wn  in  the  ground  so  as  to  pass  longitudinally  under 
jntre  of  a  street.  .  .  .  The  object  of  the  vestibule 
simply  to  afford  opportunity  for  the  application  of 
ead-gates  (sluices)  G  G,  Besides  these,  there  is  a 
jate  at  the  point  of  entry  of  the  trunk  into  the  canal 
56  it  takes  the  water.  A  small  trunk  F,  about  3 
n  diameter,  takes  water  from  this  vestibule  inde- 
ntly  of  the  gates  (/,  and  leads  it  to  a  turbine-wheel 
i  in  an  iron  casing,  in  the  chamber  or  pit  C\  so  that 
rheel  can  run  even  when  C  is  empty.  This  wheel 
Tges  through  the  floor  at  the  bottom  of  (7,  thence 
;h  the  arch  L  and  the  supplementary  tail-race  K 
;he  second  level  canal.     It  is  used  to  operate  the 

shops,  also  to  lift  and  lower  the  gates  G,  The 
3er  C  is  bounded  on  one  side  by  a  tier  of  stop-plank 
1  on  another  side  by  a  tier  of  stop-plank  M.  The 
;  of  the  stop-plank  L  is  to  aflford  a  waste-way  out  of 
lamber  C.  This  is  of  special  use  in  regulating  the 
t  of  the  water  when  testing  under  low  heads;  also 
im  off  the  oil  floating  on  the  water,  which  has 
ed  down  from  the  dynamometer.  The  water  thus 
d  over  the  plank  L  falls  directly  into  the  tail-race 
d  passes  into  the  second  level.     The  stop-planks  M 
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come  into  use  when  testing  scroll  or  cased  wheels.  In 
that  event,  D  is  empty  of  water,  and  the  wheel-case  in 
question  is  attached  to  the  planks  J/,  over  a  proper  open- 
ing cut  through  the  same.  Large  case-wheels  could  be 
set  in  the  centre  of  D  and  the  water  be  led  to  them  by  a 
short  trunk  or  penstock,  leading  from  an  opening  cut  in 
the  planks  if.  Flume  wheels  are  set  in  the  centre  of  the 
floor  of  D,  and  D  is  filled  with  water.  They  discharge 
through  the  floor  of  D  (not  shown  on  the  drawing)  and 
out  of  the  three  culverts  N  NN  into  the  tail-race  E,  At 
the  down-stream  end  of  this  tail-race  is  the  measuring- 
weir  0,  the  crest  being  formed  of  a  piece  of  planed 
wrought-iron.  It  can  be  used  with  or  without  end 
contractions.  The  depth  of  the  water  on  the  weir  is 
measured  in  a  quarter-cylinder  P,  set  in  a  recess  Q, 
fashioned  into  the  sides  of  the  tail-race.  These  recesses 
are  water-tight,  and  the  observer  is  thus  enabled  to  stand 
with  the  water-level  about  breast-high,  or  at  a  convenient 
height  for  accurate  observation.  The  methods  of  measur- 
ing water  over  this  weir  are  those  described  in  Loiocll 
Hydraulic  Experiments,  by  James  B.  Francis.  ...  In 
this  country  (America)  these  experiments  are  well  known, 
and  the  formula  which  was  derived  from  them  has  met 
with  general  acceptance.  ...  A  platform  B  surrounds 
the  tail-race,  and  is  suspended  from  the  iron  beams  that 
roof  it  in.  Above  the  tail-race  is  a  street.  The  wheels 
to  be  tested  arrive  on  this  street,  are  lifted  from  the 
wagon  by  a  travelling  windlass  that  runs  out  on  a 
framework  over  the  street,  are  run  into  the  building  and 
lowered  into  the  wheel-pit  D.  Winding  stairs  lead  into 
a  passage-way  that  leads  in  turn  to  the  platform  JS.  In 
the  well-hole  of  these  stairs  is  set  up  the  glass  tube  which 
measures  the  head  of  water  upon  the  wheel.  It  is  con- 
nected with  the  pit  D  or  the  chamber  C  by  means  of 
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pipes  running  through  a  cast-iron  pipe  T,  built  into  the 
masonry  dam  which  forms  the  down-stream  end  of  the 
wheel-pit  D. 

**The  power  is  weighed  by  a  Prony  brake,  consisting 
of  a  cast-iron  pulley  surrounded  by  a  hollow  brass  band, 
through  which  a  stream  of  water  is  allowed  to  circulate, 
and  a  bent  lever  and  weights  to  hold  the  band  and  pulley 
in  its  place.  Five  sizes  of  pulley  and  band  are  used,  to 
weigh  different  sizes  of  wheels.  The  limits  of  power 
weighed  have  been  from  11 '4  to  230  horse-power.  Heads 
have  varied  from  4  to  19  feet.  To  enable  the  observer 
at  the  brake-wheel,  the  one  at  the  head-gauge,  and  the 
one  at  the  measuring-weir  to  take  simultaneous  observ- 
ations at  intervals  of  one  minute,  an  electric  clock  is  set 
up  in  the  testing-flume  which  rings  three  bells  simul- 
taneously at  intervals  of  one  minute,  or  of  half-a-minute 
if  desired. 

"  The  whole  structure  is  built  in  a  durable  and  efficient 
manner.  The  pits  and  tail-race  are  all  lined  with  brick 
laid  in  cement. 

"  The  stone  masonry  was  intended  by  careful  work  and 
grouting  to  be  water-tight  without  the  brick  lining,  and 
the  brick  lining  was  then  carefully  laid  up  with  joints  full 
of  mortar  as  an  extra  precaution.  As  a  consequence  the 
front  of  the  wall  forming  the  down-stream  side  of  the 
pit  D  is  barely  damp  with  20  feet  head  of  water  upon  it. 
The  floor  of  the  pit  D  is  built  so  tight  that  an  exact 
measurement  of  the  leakage  of  the  wheel-gate  could  be 
made  if  desired." 

The  following  trials  of  "  Collins,"  "  Boyden,"  and  "  Her- 
cules" turbines  were  carried  out  at  Holyoke,  and  the 
author  is  indebted  to  the  engineer  of  the  Holyoke  Water 
Power  Company  for  most  of  the  dimensions  and  other 
particulars  regarding  the  construction  of  these  turbines. 
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Tlie  greatest  length  of  the  measuring-weir  at  Uolyoke 
is  about  20  feet. 

Ill  the  following  tables  the  dimensions  are  given  in  feet, 
and  the  available  and  effective  power  in  horse-power  imless 
otherwise  stated. 


Tests  of  a  "  CoUins  "  Tnrbiae. 
In  1883  experiments  were  made  at  Norwich,  Connecti- 


Fig.  138. 


cut,  on  a  turbine  of  the  Jonval 
type  constructed  by  Messrs. 
J.  P.  Collins  and  Co.,  to  de- 
termine the  efficiency  of  the 
wheel  with  and  without  a 
suction-tube  (or  "draft-tube," 
OS  it  is  called  in  America). 

The  suction-tube  was  tried 
first  with  an  interior  inverted 
cone,  as  shown  in  Fig.  136, 
to  give  a  gradually  increasing 
area,  and,  secondly,  without 
thisc 


Weir  8  feet  long,  with  end  contractions. 


Dimensions  of  Turbine, 

=  721°.        -^1  =  2912  sq.  ft.    2  r„  =  41 70  ft. 
,  =  12J°.         Aj  =  2-822     „ 


c    =  0-836  ft.     tj  =  30  (brass  vanes). 
Effective   area  A,   after   allowing    for    obstruction    by 
wheel- vanes,  =  2-889. 
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60''  Collins  Turbine  {Jonval  tyiye). 
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60"  Collins  Turbine,  with  suction-tube. 
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Ifc  will  be  seen  that  without  a  suction-tube  the  maxi- 
mum efficiency  was  80*40  per  cent. ; 
with  a  suction-tube  and  inverted  cone  83*78  „  „  ; 
and  with  a  suction-tube  without  cone  84*34  „  „  ; 
the  suction-tube,  therefore,  increased  the  efficiency,  but 
no  advantage  was  obtained  by  using  the  inverted  cone, 
although  it  might  have  been  anticipated  that  this  would 
act  as  a  diflfuser.  The  reason  for  this  failure  was  probably 
due  to  the  enlargement  of  the  area  not  being  sufficiently 
gradual,  so  that  practically  there  was  the  same  sudden 
change  of  velocity  of  the  water  as  when  no  inverted  cone 
was  used. 


Test  of  a  96-inch  Collins  Turbine. 

The  following  are  stated  to  be  the  best  results  ever 
recorded  at  Holyoke  with  a  turbine  of  the  Jonval  type ; 
no  details  of  the  dimensions  of  the  wheel  are  given,  but 
the  results  are  interesting  as  affording  the  material  for  a 
fair  comparison  between  the  parallel-flow  and  the  mixed- 
flow  turbine  so  much  in  vogue  in  America.  Both  types 
of  wheel  are  tested  under  much  the  same  conditions  at 
Holyoke,  and  the  same  method  of  observation  and  calcu- 
lation for  determining  the  quantity  of  water  used  is 
employed,  so  that  the  effect  of  any  important  errors 
arising  from  differences  in  the  method  pursued  is  thus 
eliminated. 
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96"  Collins  Turbine  {Jonvrd  type). 
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Experiments  with  "Boyden"  Turbine. 

The  following  aro  the  particulars  of  dirneDaions   and 

results  of  tests  made  with  a  Boyden  turhine,  a  wheel  of 

the  FouroeyroD  type,  for  a  mill  of  the  Merrick  Thread 

Company,  on  April  26th,  1882. 

Difnensions  of  Tnrhine. 
'  a   =  61°.  A    =  6-8U  sq.  ft.  »(/„  =  73-+5  in. 

a,  =    0°.  ^j  =  5-C60sq.  ft-.  2  r,  =  73-60  in. 

«a,  =  61°.  2r,  =  90-00  in. 

e    =  9-875  in. 

e^  =  8-64  in.         Height  of  buckets  at  lowest  point, 
ej  =  9125  in.       Height  of  buckets  at  outer  end. 
3   =  34  (brass  vanea). 
s,  =5  54  (brass  vanes). 

The  weir  was  11   feet  long  and  practically  tight,  the 
leakage  being  only  O'Oa  cubic  foot  per  second. 
'  Metin  angle  of  flow  ;  vnne-anj^le  ^  G6°. 
'  Mean  angle  of  flow  ;  vane-angle  =  64°. 
'  Diameter  at  guide-orifices. 
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Boy  den  Turhiiie  {Foui^ieyron  type). 
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Tests  of  a  36-iiich  ''  Hercules  "  Turbine. 

Inivard  and  Downward  Flow. 

These  experiments  were  made  in  1883  at  Holyoke  for 
the  manufacturers  of  the  wheel.  The  performance  at  the 
first  test  was  so  much  better  than  the  makers  had  antici- 
pated, that  it  was  decided  to  repeat  the  test.  As  the 
result  of  the   second   trial  was  equally  good,  the  con- 

D  D 
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structors  feared  there  might  be  Eome  fault  in  the  arrange- 
metita  or  the  method  of  calculation.  Professor  Thurston 
was  therefore  requested  to  investigate  the  matter,  and  if 
possible  ascertain  whether  the  reported  values  of  the 
eflSciency  might  be  safely  accepted.  The  third  trial,  made 
under  Professor  Thurston's  personal  superintendence, 
practically  confirmed  the  results  previously  obtained.  In 
the  following  tablo  only  the  particulars  of  the  final  test 
are  given. 

The  weir  was  20  feet  long  without  end  contractions. 


Dimensions  of  Turbine. 
=  75}°,  measured  with  centre  line  of  guides. 


=  ^•"ib-l  sq.  ft. 
=  7-925  sq.  ft. 


ill  mean  =>  36  in. 


Fig.  137. 


Description  of  Turbine. 

Tlie  "  Hercules  "  turbine  is  of  the  inward  and  down- 
ward-How type ;  the  water  on  entering  the  wheel  has  a 
downward  inclination,  but  the  radial  component  prepon- 
derates. During  its  passage 
through  the  wheel  the  course 
of  the  fluid  becomes  more  ver- 
tical, but  only  a  portion  of  it 
near  the  outer  circumference 
assumes  entirely  the  axial  di- 
\  rection.  Fig.  137  shows  a 
/  perspective  view  of  the  wheel 
itself,  and  Fig.  138  an  outside 
view  of  the  guide  apparatus 
and  casing.    In  Chapter  XII.,  in  connection  with   the 
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subject  of  "  American  Turbines,"  the  shape  of  the  buckets 
is  shown  in  axial  section  through  the  wheel. 

The  outer  edges  of  the  bucket-vanes  are  inclined,  so 
that  the  outer  surface  of  the  wheel  where  the  water 
enters  forms  a  truncated  cone,  the  mean  diameter  of  which 
is  3  feet.  At  the  inflow  the  vanes  are  tapered  almost  to 
a  knife-edge. 

The  regulation  is  effected  by  a  cylindrical  gate  between 
the  guide  passages  and  wheel.  Both  guide  passages  and 
buckets  are  divided  by  transverse  partitions  into  several 
parts,  so  as  to  form  practically  as  many  turbines  super- 
imposed, which  can  be  shut  off  in  succession  by  the  gate. 
This  reduces  the  loss  incidental  to  working  at  part 
gate.  The  outflow  areas  as  given  are  calculated  on  the 
assumption  that  all  the  elementary  filaments  do  not 
follow  similar  relative  paths,  but  that  the  stream  from 
each  bucket  or  guide  passage  has  the  outflow  area  corre- 
sponding to  the  shortest  distance  between  two  adjacent 
vanes. 

As  with  all  radial  turbines,  to  allow  for  contraction, 
the  effective  outflow  area  from  the  guides  has  been  taken 
as  only  90  per  cent,  of  the  measured  area.  Since  there 
is  a  clear  space  between  the  guide  orifices  and  the 
inflow  orifices  of  the  buckets  (to  allow  room  for  the 
gate),  the  area  of  outflow,  where  measured,  is  not 
diminished  by  the  obstruction  of  the  wheel-vanes,  and 
therefore  no  allowance  has  been  made  for  this  in 
computing  the  effective  area. 

A  comparison  of  calculated  with  experimental  results 
for  the  36-inch  "  Hercules  "  turbine  will  be  found  under 
the  heading  of  "  American  Turbines." 
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36"  "  Hercules  "  Turhinc. 
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Trial  of  a  **  Humphrey  *'  Turbine. 

In  December  1880,  the  "  Humphrey "  Machine  Com- 
pany, of  Keene,  New  Hampshire,  agreed  to  supply  the 
Tremont  and  Suffolk  Mills  with  a  new  turbine  of  their 
own  design  to  replace  a  Fournejron  turbine  of  about 
160  horse-power,  the  new  wheel  being  intended  to  develop 
about  270  horse-power  with  an  average  fall  of  13  feet. 
The  payment  for  this  was  to  depend  upon  the  result  of  a 
trial  canied  out  by  the  well-known  hydraulic  engineer, 
Mr.  James  B.  Francis. 


Description  of  Turbine. 

The  "  Humphrey  "  turbine  in  question  is  of  the  inward 
and  downward  (mixed)  flow  type  shown  in  Figs.  139,  140, 
and  141. 

The  wheel  A  has  thirteen  vanes  a  a,  &c.,  which  project 
below  the  casing.  -S  is  a  stationary  cylindrical  casing 
enclosing  the  wheel;  it  has  twelve  openings  q,  through 
which  the  water  enters.  C  is  the  guide  apparatus,  which 
contains  twelve  guide-vanes,  and  at  the  same  time  serves 
as  a  regulator ;  it  is  enclosed  by  the  curved  sides  v  v,  and 
runs  on  spherical  rollers  h.  It  can  be  turned  by  pinions 
D  D  gearing  with  a  toothed  ring  on  the  circumference, 
which  receive  their  motion  from  a  hand-wheel  G  through 
worm  and  bevel  gearing  E  and  F. 

The  vanes  a  are  of  gun-metal,  and  are  secured  to  the 
inner  central  casing  by  flanges  and  screws. 

The  turbine-shaft  runs  iu  a  collar-bearing  at  the  upper 
end,  and  at  the  lower  end  in  a  footstep-bearing,  which  is 
also  capable  of  supporting  the  weight,  if  necessary,  in  the 
fibsence  of  the  collar-bearing. 


DESCRIPTIONS  AND  EXPERIMENTS  407 

The  water  from  the  head-race  22  enters  the  turbine 

• 

through  the  wrought-iron  tube  T,  which  was  employed 
For  the  old  Fourneyron  wheel,  and  is  consequently  rather 
boo  small  for  the  new  one.  The  estimated  loss  of  head 
from  this  cause  amounts  to  about  four  inches  ;  but  during 
the  experiments  the  head  was  measured  immediately  over 
the  wheel,  so  that  the  source  of  loss  referred  to  was 
eliminated. 


Brake  Measurements, 

During  the  trial  the  main  driving-wheel  was  removed 
from  the  turbine-shaft,  and  in  its  place  the  brake-pulley 
H  substituted. 

The  latter  is  of  cast-iron,  containing  a  number  of 
channels  for  the  cooling  water  supply.  J  represents 
the  brake-lever,  which  acts  on  the  bell-crank  lever  M 
through  the  rod  K  suspended  on  knife-edges  L  and  L\ 
The  lever  M  rests  on  the  knife-edge  N  and  carries  the 
pan  /;  the  weight  of  the  latter  and  of  the  bell-crank 
lever  are  balanced  by  the  weight  P  hanging  from  the 
lever  0. 

The  diameter  of  the  brake-pulley  was  5*44  feet,  and 
the  breadth  2'7  feet.  The  effective  length  of  the  brake- 
lever  «/ was  15*9  feet,  and  the  lengths  of  the  arms  of  the 
bell-crank  lever,  1/  N  and  N  i  respectively,  6'015  and 
12013  feet,  so  that  the  lever-arm  to  be  used  in  the  calcu- 
lation was  31*755  feet,  equivalent  to  a  circumference  of 
199-523  feet. 

Water  Measurements. 

Ill  order  to  observe  the  level  of  the  water  in  the 
turbine  -  chamber  immediately  below   the   wheel,  where 
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the  fluid  is  in  a  state  of  violent  agitation,  a  pipe  c  c  was 
laid  on  the  floor  of  the  chamber,  both  ends  of  which 
were  connected  with  a  water-tight  vessel  d  containing  a 
scale.  The  pipe  cc,  of  1^  inches  internal  diameter,  was 
perforated  on  its  upper  side  by  twenty-two  holes  of  about 
^\  inch  diameter. 

It  was  agreed  that  as  upper  water-level  was  to  be  taken 
the  level  shown  in  the  pipe  e  connected  with  the  chamber 
immediately  above  the  wheel. 

The  pipe  e  terminated  in  a  glass-tube,  parallel  with 
which  was  placed  a  scale/. 

The  head  introduced  into  the  calculations  is  the  dif- 
ference between  the  levels  in  e  and  d. 

The  quantity  of  water  used  was  measured  by  two 
weirs  U  U,  both  of  which  extended  over  the  whole  width 
of  the  channels  conducting  the  water  to  them,  so  that 
there  was  no  end  contraction;  the  widths  were  respect- 
ively 11'22  and  10'98  feet.  To  prevent  any  disturbance 
of  the  flow  over  the  weir  by  the  water  in  the  wheel- 
chamber,  gratings  were  introduced  into  the  tail-race 
between  the  weirs  and  the  chamber,  which  caused  an 
appreciable  depression  of  the  water-level  and  a  nearly 
uniform  flow.  The  height  of  the  water  below  the  weirs 
was  so  regulated  that  the  level  was  sufficiently  deep  below 
the  sill  not  to  influence  the  outflow. 

The  quantity  of  water  passing  over  the  weirs  was  calcu- 
lated by  Francis's  well-known  formula, 

Q  =  3-33  Z  7/i 
in  which 

Z  denotes  the  length  of  the  weir, 
H  the  head  of  water  above  the  sill,  measured 
some  distance  from  the  weir,  both  dimensions  in  feet. 
The  head  of  water  over   the   sills  of  the   weirs   was 
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nieasiired  by  means  of  hook-gaiigea  in  water-tight  vesseb, 
connected  by  pipes  with  the  water  above  the  weirs.  The 
hook-gauges  were  atJjuatable  by  micrometer  screws,  and 
allowed  of  very  accurate  observations. 

The  leakage  during  the  tests  was  found  to  be  only  001 
cubic  foot  per  second  at  most 

Dimen-tionit  of  Turbine. 

Outer  diameter  8'1.  r,  =  403. 

Inner  diameter  2-0. 
The  vifun  diameter  of  outflow  is  uncertain,  owing  to 
the  peculiar  coDSti-uction  of  the  wheel,  which  allows  the 
water  on  the  outer  side  to  follow  its  own  course, 
a    =.  75°.  e  =  2086  feet. 

a,  =  10°.  fj  =  indefinite. 

Oj  =  not  given. 


ffumphrey  Turbine. 
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The  preceding  table  has  been  compiled  from  the  original 
table  of  results,  which  has  been  much  condensed,  only  the 
best  out  of  several  sets  of  observations  at  each  opening  of 
the  regulator  being  given. 

By  mutual  agreement  between  the  users  and  makers  of 
the  turbine  tested,  it  was  agreed  to  measure  the  head 
available  immediately  over  the  wheel,  in  order  to  elimi- 
nate the  loss  due  to  friction  in  the  conducting-pipe,  which 
belonged  to  a  former  turbine  of  less  power,  and  was  con- 
sequently too  small  for  the  quantity  of  water  supplied. 

In  doing  this,  however,  no  allowance  has  been  made  for 
the  velocity  of  the  water ;  at  the  point  where  the  pressure 
was  measured  this  velocity  was  about  3*458  feet  per  second 
in  the  first  experiment,  in  which  the  maximum  efficiency 
was  obtained,  equivalent  to  a  head  of  about  02  foot,  which 
should  be  added  to  the  head  given  in  the  table  to  arrive 
at  the  eflfective  available  head  over  the  turbine.  The 
corresponding  efficiency  in  that  case  is  80*59  instead  of 
81*9  per  cent.,  but  as  no  allowance  has  been  made  for 
friction  of  bearings  the  hydraulic  efficiency  will  probably 
be  somewhat  in  excess  of  the  latter  value. 

Experiments  with  ''  Little  Giant "  Turbine. 

This  series  of  tests  is  the  only  one  made  in  Europe  with 
an  American  turbine  of  which  the  author  has  been  able  to 
obtain  any  record ;  it  was  conducted  by  Professors  Veith 
and  Kronauer  of  Zurich. 

The  turbine  is  of  the  mixed-flow  type,  the  water  enter- 
ing from  the  outside  radially,  and  leaving  axially ;  it  is 
divided  in  the  middle  by  a  partition  at  right  angles  to 
the  axis,  which  separates  the  water  entering  into  two  por- 
tions, which  flow  out  on  opposite  sides  of  the  wheel.  That 
part   of  each   bucket  through    which  the   water   passes 
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after  it  has  assumed  aa 
axial  direction  of  flow 
stands  out  from  the  side 
of  the  wheel,  in  shape 
like  a  semicircular  cowl ; 
the        construction  is 

plainly  shown  in  Fig. 
142. 

The  water  in  its  pas- 
sage through  the  huckets 
appears  to  undergo  a 
rather  ahrupt  deflection 
of  its  course  from  the 
radial  to  the  axial  direc- 
tion. The  turbine  is 
furnished  with  a  guide 
apparatus. 


(1)  Turbine  halj  open. 
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With  a  load  of  1-213  pounds  on  the  brake-lever  the 
turbine  came  to  a  standstill,  and  the  quantity  of  water 
flowing  through  was  0-459  cubic  foot,  with  a  head  of 
5-44.6  feet. 
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1) 
2) 
8) 
4) 
6) 
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(2)  Turbine  fully  open. 
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0-55 
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With  a  load  of  3*307  pounds  on  the  brake-lever  the 
turbine  came  to  a  standstill,  and  the  quantity  of  water 
flowing  through  was  1'095  cubic  foot,  with  a  head  of 
5-446  feet. 

The  above  results  are  in  each  case  the  mean  of  four 
tests. 


Water   Measurertients. 

The  water  used  was  measured  by  means  of  a  weir,  the 
fall  taking  place  over  the  whole  width.  The  quantity  of 
water  Q  was  determined  by  the  formula 

(2  =  0-431  Z^V2^ 

where  L  is  the  width  of  the  weir  and  H  the  head  above 
its  edge;  Z  =  1-978  foot. 

The  depth  of  water  behind  the  weir  during  the  experi- 
ments was  0'8525  foot. 
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^al  of  Oirard  Turbines  at  Vanin. 

At  the  Campmiilile  at  Varzin  (the  property  of  Prince 
Bismarck)  two  Girard  turbines,  each  of  200  horse-power, 
are  employed  to  drive  a  wood-pulp  manufactory.  The 
turbines  were  constructed  by  the  Graflich  Stolberg'acheu 
Machine  Works  at  Magdeburg, 

The  fall  available  is  13  feet  IJ  inches,  and  the  quantity 
of  water  for  each  turbine  1766  cubic  feet  per  sccoDd. 
The  makers  guaranteed  an  efficiency  of  75  per  cent,  with 
full  admission,  and  72  per  cent,  with  half  admission.  '  To 
test  the  pei-fonnance  of  these  motors  experiments  wero 
made  by  Professor  Dr.  Zeuner,  which  from  the  care  and 
completeness  of  method  with  which  they  were  carried  out 
may  be  regarded  as  in  all  respects  a  pattern  of  what  such 
trials  should  be. 

Description  of  the  Turbines. 

Both  turbines  ore  exactly  alike  in  their  construction 
(shown  ill  Fig,  143),  and  enclosed  in  a  wooden  chamber 
divided  by  a  partition  into  two  independent  comportments. 
Each  motor  can  be  shut  off  separately  by  a  sluice  from  tho 
head-race. 

The  axes  of  the  wheels  are  vertical,  and  power  is  trans- 
mitted to  the  horizontal  first-motion  shaft  by  bevel 
gearing. 

The  turbines  are  of  the  axial  or  parallel-Sow  type,  with 
ventilated  buckets. 

The  guide  apparatus  rests  on  a  circular  cast-iron  frame 
supported  by  eight  cast-iron  columns  standing  on  a  bed- 
plate on  the  floor  of  the  tail-race;  the  water  enters  the 
guide  apparatus  through  a  wrought-iron  cylindrical  casing 
connecting  it  with  the  head-race  and  also  supported  by 
the  columns. 
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The  guide-vanes  are  of  steel-plate  cast  into  the  lower 
part  of  the  walls  of  the  guide-casing,  which  are  here 
cylindrical;  towards  the  top  this  casing  is  enlarged — 
the  section  being  bell-mouthed — and  divided  into  eight 
segments  by  cast-iron  radial  partitions,  each  of  which 
can  be  closed  by  a  valve.  These  valves  serve  to  regu- 
late the  turbine.  The  inner  casing  of  the  guide  appa- 
ratus supports  a  frame  with  arms,  the  spaces  between 
which  are  filled  in  by  wrought-iron  plates ;  the  frame 
carries  the  lower  bearing  for  the  turbine-shaft.  This 
bearing  consists  of  a  cast-iron  cylinder  with  four  com- 
partments containing  blocks  of  lignum-vita?,  which  can 
be  adjusted  by  metal  wedges  with  screws ;  a  leather 
collar  held  by  the  cover  of  the  bearing  prevents  leakage, 
and  the  water  necessary  for  lubrication  enters  through  a 
hole  in  the  cover. 

The  turbine-wheel  itself  consists  of  the  cast-iron  casing 
with  steel  vanes,  and  a  boss  and  arms,  cast  separately, 
bolted  to  flanges  on  the  casing.  This  is  keyed  to  the 
shaft,  and  to  prevent  the  possibility  of  falling  if  it  should 
become  loose,  a  ring  made  in  halves  is  let  into  the  shaft 
below  the  boss. 

The  shaft  is  hollow,  of  cast-iron,  with  the  main  bearing, 
supporting  the  weight,  above  water.  Into  the  upper  part 
of  the  shaft  is  fixed  the  wrought-iron  prolongation,  the  end 
of  which  rests  upon  the  step,  while  to  it  is  keyed  the  bevel 
driving-wheel.  The  step  itself  is  carried  upon  the  top  of 
a  wrought-iron  spindle  fixed  into  a  taper  socket  on  the 
bed-plate. 

The  wrought-iron  prolongation  of  the  turbine-shaft  is 
screwed,  and  can  be  adjusted  to  take  up  wear  by  means 
of  a  nut  which  is  turned  by  a  small  worm  and  worm-wheel, 
the  latter  forming  part  of  the  nut. 

The  turbine  is  regulated  by  eight  valves  of  cast-iron, 
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already  referred  to;  these  valves  are  made  water- tight 
by  india-rubber  packing  held  in  place  by  dished  cast-iron 
plates ;  they  can  be  raised  and  lowered  by  rods  actuated 
from  screwed  spindles  in  connection  with  gearing. 

The  following  are  the  leading  dimensions,  &c.  of  the 
turbine  and  gearing : — 
Mean  diameter  of  guides  and  wheel  . 
Radial  width  of  guide  passages  at  outflow . 
Radial  width  of  wheel-buckets  at  inflow    . 
Radial  width  of  wheel-buckets  at  outflow  . 
Depth  of  wheel 
Number  of  guide-vanes 
Number  of  wheel-vanes 
Thickness  of  guide-vanes 
Thickness  of  wheel- vanes 
Calculated    number   of   revolutions     [»er 


8  ft 

111  in. 

Oft 

81 1  in. 

Oft 

8-5  in. 

2  ft 

1*59  in. 

1ft 

1-78  in. 

64. 

70. 

0-20  in. 

0  31  in. 

minute 


30. 


Bevel  Geanng. 

Number  of  teeth  in  bevel  mortice-wheel  on 
the  turbine-shaft      ..... 

Number  of  teeth  in  iron  pinion  on  first-motion 
shaft 

Breadth  of  teeth 

Pitch  of  teeth 

Number  of  revolutions  per  minute  of  first- 
motion  shaft    •....• 


13(). 

54. 
13-78  in. 
3-47  in. 

75. 


Brake  Measurements  of  Power. 

The  brake  employed  to  measure  the  horse-power  of  the 
turbine  was  of  the  usual  "Prony"  type.  The  brake-pulley 
was  keyed  to  the  horizontal  first-motion  shaft,  it  being 
impracticable  to  attach  it  direct  to  the  vertical   turbine 
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shaft;  the  diameter  of  this  pulley  was  8  feet  2*4  inches, 
and  the  breadth  1  foot  3*75  inches. 

The  end  of  the  brake-lever  pressed  against  the  platform 
of  a  weigh-bridge,  by  which  the  load  acting  on  the  former 
was  registered. 

Water  was  employed  for  the  lubrication  of  the  brake- 
blocks.  During  the  trial  of  the  turbine  with  full  admis- 
sion a  large  quantity  of  water  was  required  to  keep  the 
blocks  cooL 

The  weight  of  the  brake-pulley  was  6788  lbs.,  that  of 
the  brake-band,  blocks  and  lever  complete  2595  lbs.  Part 
of  this  latter  weight  was  carried  by  the  shaft  and  part  by 
the  weighing-platform,  and  before  commencing  the  trials 
the  portion  of  the  weight  carried  by  the  platform  was 
carefully  ascertained  by  supporting  the  brake  on  a  knife- 
edge  laid  on  the  highest  point  of  the  pulley,  the  brake- 
band being  slackened  so  that  none  of  the  blocks  were  in 
contact  with  the  pulley. 

The  weighing-machine  was  then  adjusted  so  as  to 
balance  the  free  end  of  the  lever,  and  the  weight  required 
for  this  noted,  and  in  calculating  the  horse-power  de- 
ducted from  the  total  pressure  on  the  weigh-bridge. 

To  arrive  at  the  power  actually  given  oflF  by  the  vertical 
turbine-shaft,  it  was  necessary  to  make  allowance  for  the 
friction  of  the  horizontal  first-motion  shaft  and  of  the 
gearing. 

This  was  done  by  calculation.  For  determining  the 
power  absorbed  by  the  friction  of  the  bearings  the 
weight  carried  by  these  and  its  approximate  distribution 
was  taken  into  consideration,  as  well  as  the  pressure 
exerted  by  the  bevel-wheels.  For  the  shaft-friction  the 
co-efficient /i  =  0'07  was  employed  in  the  formula  for  the 
work  lost, 

1  yi       gQ 
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where  P  denotes  the  total  pressure  on  a  bearing,  n  the 
number  of  revolutions  per  minute  of  the  shaft,  and  d  the 
diameter  of  the  neck. 

For  friction  of  the  gearing,  a  co-eflScient /2=0'1  was 
used  in  the  formula, 

a 

where  W  is  the  power  transmitted,  I  the  length  of  a 
tooth,  and  a  half  the  length  of  the  arc  of  contact  of  the 
teeth. 


Water  Measurements. 

The  river  Wipper,  which  supplies  the  power  for  the 
turbines,  is  dammed  by  a  weir,  from  which  the  water 
enters  each  turbine-chamber  by  two  sluices.  During 
the  experiments  only  one  of  these  was  open,  and  for  the 
purpose  of  measuring  the  water  behind  this  sluice  a 
conducting  channel  of  timber  was  specially  constructed, 
having  a  width  of  7  feet  4  inches,  a  depth  of  sides  of  8 
feet  2^  inches,  and  a  length  of  23  feet,  nearly.  A  section 
of  this  channel,  at  a  distance  of  19^  inches  behind  the 
sluice,  was  selected  in  which  to  measure  the  velocity  of 
the  current.  This  was  done  by  means  of  "Woltmann" 
current  meters  which  ha^  been  carefully  tested.  The 
section  was  divided  into  sixteen  equal  rectangular  parts, 
four  in  the  width  and  four  in  the  depth ;  in  the  centre 
of  each  of  these  the  velocity  of  flow  was  observed,  and  from 
the  results  the  mean  velocity  calculated. 

When  the  turbine  was  working  with  full  admission  the 
mean  velocity  was  3*1 51  feet  per  second,  and  1'481  feet 
with  half  admission. 

The  depth  of  the  water  in  the  channel  varied  slightly 

£  £ 
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during  the  trial,  and  in  order  to  take  these  variations  into 
account,  the  diu^tion  of  the  trial,  1  hour  20  minutes, 
was  divided  into  four  periods,  during  each  of  which  the 
average  depth  was  ascertained  and  used  in  calculating  the 
section  of  the  stream. 

As  the  variation  in  the  depth  was  relatively  slight. 
Professor  Zeuner  consideredlt  justifiable  to  assume  that  it 
had  no  appreciable  influence  on  the  velocity  of  flow. 

According  to  previous  agreement,  the  effective  head, 
measured  to  the  lower  edge  of  the  wheel-vanes,  was  to  be 
taken  into  account  in  determining  the  efficiency,  and  not, 
as  should  from  a  scientific  point  of  view  be  the  case,  the 
total  head  from  the  upper  to  the  lower  water-level. 

As  only  one  of  the  sluices  admitting  water  to  the  tur- 
bine-chamber was  open,  the  inflow  was  one-sided,  and  in 
consequence  of  this  a  whirling  motion  was  set  up,  causing 
a  depression  in  the  surface  of  the  fluid  above  the  motor. 
To  avoid  any  uncertainties  due  to  this,  the  head  was 
measured  to  the  level  of  the  water  in  the  conducting 
channel  immediately  before  entering  the  chamber,  and 
not,  as  often  happens,  in  the  latter. 

Results. 

In  the  following  tables  the  results  of  the  trials  with 
full  and  half  admission  are  given.  To  the  particulars 
given  in  the  original  table3  the  author  has  added  the 
available  total  head,  measured  from  the  head-race  to  the 
tail-race  level,  and  the  efficiency  e  referred  to  this  head. 

Some  further  supplementary  experiments  were  also 
carried  out  by  Professor  Zeuner  to  ascertain  (1)  the 
effect  of  allowing  the  turbine  to  wade,  that  is,  to  work 
partly  immersed,  and  (2)  the  reduction  in  the  efficiency 
caused  by  running  the  wheel  at  a  higher  and  lower  speed 
than  the  best. 
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The  result  of  these  experiments  are  also  stated  in  a 
tabular  form. 

It  will  be  seen  that  the  power  of  the  turbine  is  re- 
duced by  increasing  the  immersion;  this  is  what  would 
be  anticipated,  since  free  deviation  turbines  should  work 
clear  of  the  tail-water. 

The  experiments  on  the  variation  of  the  power  with 
the  velocity  show  that  30  revolutions  per  minute,  the 
speed  for  which  the  turbine  was  designed,  really  is  the 
best  speed,  as  the  work  done  decreases  above  and  below 
this. 

Results  of  Experinie7it  oil  the  Effects  of  Immersioni. 


Depth  of 
immersion 

or 
clearance. 

h 


Number  of 
revolutions 
per  minute. 


t 


It 


Effective 
horse- 
power. 


Remarks. 


—0-446 
—0-446 
-0-478 
—0-217 
+  0-118 
+  0-373 
+  0-520 


29-5 

29 

29 

33 

30 

30 

30 


105-671 
101-617 
99-448 
108-123 
109-604 
111-842 
113-646 


With  half  admission. 


Results  of  Experiment  on  Va)*ying  the  Speed. 


Depth  of 
immersion 

or 
clearance. 

Number  of 
revolutions 
per  minute. 

n 

Effective 
horse- 
power. 

+  0-380 
+  0-380 
+  0-377 
+  0-380 

25-5 
30 
34-5 
36 

216-545 
221-120 
215-589 
213-489 

Remarks. 


With  half  admission. 
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Results  of  Tiial  tvith  Full  Admission. 
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111 

Fnt.  '  P«t       Fort. 
18-03    0-220    12-81 
13-1bI  0-276    12-92 
13-«|  0-351  llS-06 
13-5B' 0-887  1  13-16 
1            1 

Cubic  [«t. 

171-713 
177-136 
180-163 
182-811 

2&3'961 

266-713 
273-023 

29 

80-37 
80 
30-82 

202-81 
209-36 
200-13 
216-36 
209  ■« 

0-798 
0-808 
0-781 
0-782 
0796 

0-73* 
0-789 
0-763 
0789 
0-776 

AccoTding  to  contract  the  fall  vaa  only  to  be  measund  to  the 
lower  edge  of  the  wheel,  that  ia,  not  to  inclnde  the  clearance  above 
i  the  tail-water ;  the  efficienej  >,  calculated  at  the  triala  was  referred 
I  to  the  head  thus  measored,  vhkh  U  called  the  eflective  head  A,.  For  | 
I  parposee  of  coDi)iarison  the  total  head  h  =  k,  +  h^  haa  been  added  | 
I  to  the  table  db  well  aa  the  efficiency  t  referred  to  it.  | 


Resvlts  of  Tried  ivith  Half  Admission. 
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i|i 

1          '' 

1., 

l-i 

C 

E. 

" 

F«t. 

F^t 

13 -5i) 

0-076 

13 -SI 

89-66« 

137 -188 

29-62,109-032 

0-793 

13-81 

0-066 

13-51 

SO'OIS 

138-188 

30-37    111-359 

0-805 

0-801 

13 '63 

0-062 

13T.7 

90-305 

139-065 

80         111-371 

0-801 

13-51 

130-213 

29-83    111-812 

0-803 

Uean:l  111-021 

0-801  1  0-798 

Ranarkt. 
A  negative  [  -^  )  lign  before  the  flmire  givine  the  clearance  denotes 
that  the  turbine -wheel  was  immcrted  to  the  depth  stated. 
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Outward-flow  Impulse  Turbines  at  Term. 

At  Terni  in  Italy  all  the  machinery  of  the  large  steel- 
works there  is  driven  by  a  number  of  turbines  acting 
under  a  head  of  595^  feet.  All  these  motors,  which 
were  made  by  Messrs.  J.  J.  Rieter  and  Co.  of  Winterthur 
(Switzerland),  are  of  the  radial  impulse  outward-flow  type 
with  horizontal  axes,  and  vary  in  capacity  from  20  to  1000 
horse-power.  In  the  following  list  the  leading  particulars 
are  given : — 


Horse- 
power. 

Eifective 
head. 

water  per 
second. 

Revolntiona  per 
minute. 

Inner 
diametei; 

Feet 

Cub.  ft. 

Ft  in. 

1000 

595-5 

19-77 

180  to  240 

7  lOi 

800 

f> 

15-89 

200 

8   2-4 

500 

iy 

9-89 

240 

6   5-9 

350 

» 

7-06 

200 

7  m 

150 

tt 

3-00 

250 

6   4-7 

50 

»» 

0-99 

850 

1    lOi 

50 

»i 

0-99 

a50 

1    lOi 

40 

» 

0-85 

450 

3   6-1 

40 

n 

0-85 

450 

3   61 

30 

13 

0-60 

600 

2  7-5 

20 

*t 

0-42 

450 

3  61 

In  Fig.  144  a  perspective  view  of  one  of  the  smaller 
motors  is  shown,  while  Fig&  145  and  146  represent  a 
section  and  plan  of  the  800  horse-power  turbine  employed 
for  driving  the  rail-mill.*  The  following  are  the  leading 
dimensions  and  particulars  of  this  latter  motor : — 
Angle  of  outflow  from  guide- 
passages  ....  a  =  70°. 

^  For  these  illustrations  the  author  is  indebteil  to  the  courtesy  of 
the  editors  of  Industries, 
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Angle    of   inflow    into    wheel- 
buckets    .... 
Angle   of  outflow  from   wheel- 
bucketa    .... 
Internal  diameter  of  wheel 
External  diameter  of  wlieel 
Width  of  guide-passages . 
Width  of  buckets  at  outflow 
Number  of  guide-passages 
Number  of  wheel-buckets 
Maximum  proportion  of  circum- 
ference over  which  water  is 
admitted 
Diameter  of  supply-pipe . 
Diameter  of  auxiliary  pipe 


^  70°. 

-  8  ft.  24  ii 
'  9  ft.  5  in. 
=  491  in. 
=  1614  in. 

-.  100. 


«'rit*...-i^.,\- 
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The  radial  velocity  of  the  water  leaving  the  wheel  is 
34  feet  per  second,  representing  a  loss  of  only  3*6  per  cent, 
of  the  available  head. 

The  quantity  of  water  is  calculated  as  85  per  cent,  of 
that  theoretically  due  to  the  head  at  the  guide-orifices ; 
the  velocity  of  flow  as  92  per  cent,  of  the  theoretical 
velocity;  the  difference  between  92  and  85  being  due  to 
the  obstruction  of  the  guide-orifices  by  the  passing  wheel- 
vanes. 

The  dimensions  given  in  the  illustrations  are  in  metres. 

Since  this  turbine  is  used  for  a  rolling  mill  train,  it 
is  necessary  to  stop  and  start  at  frequent  intervals,  the 
reversals  being  performed  by  gear  on  the  train.  To  stop 
the  flow  of  water  under  such  high  pressure  suddenly 
would  entail  considerable  risk  of  bursting  the  pipes,  and 
to  avoid  this  an  auxiliary  pipe  8  inches  diameter  has  been 
provided,  branching  off  from  the  main  supply  pipe  on 
the  pressure  side  of  the  throttle-valve.  This  auxiliary 
pipe  is  provided  with  a  stop-cock  geared  to  the  spindle 
of  the  main  throttle-valve  in  such  a  manner  that  it  opens 
when  the  latter  is  closed,  and  vice  versd.  The  closing  of 
the  throttle-valve  is  effected  through  worm-gearing  by 
hand.  By  this  arrangement  the  motion  of  the  water  in 
the  main  supply-pipe  is  not  entirely  arrested  when  the 
throttle-valve  is  closed,  but  finds  an  outlet  by  the  auxiliary 
pipe. 

Trial  of  Badial  Outward-flow  Impulse  Turbine  at 

Immenstadt 

Description  of  Turbine. 

This  motor  was  constructed  to  drive  a  string  manufac- 
tory at  Immenstadt,  and  is  of  the  same  type  as  those 


.It  ia  intended  to 
rer  with  a  lieod  of 
3-5  cubic  feet  per 

teel-plate  0*2  inch 
it  there  are  besides 
•  support  one  side 
is  connected  with 
f  the  water-supply 
rack  OD  the  back 
-wheel  and  worm, 
nflow  edges  of  the 


rem  a  governor  or 
the  turbine  are  as 

Ti  =  7  a  lOJ  in. 
r,  =  8  ft.  11-1  in. 
c    =  4-32  in. 

r,  =  4-72  in. 

fj  =  15'73  in. 

c,  =        no. 

or  through  supply- 
l  feet  4  inches,  of 
ad  the  remainder 
ave  a  diameter  of 
about  13  feet,  the 
wrought-iron  pipes 
of  19  fcot  8  inches, 

tst-iron  pipes,  witli 
exceed  about  4'123 
it-iron  pipes  it  is 
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The  radial  vel< 
34  feet  per  second 
of  tlie  available  ht 

The  quantity  c 
that  theoretically 
the  velocity  of  f 
velocity ;  the  difft 
the  obstruction  of 
vanes. 

The  dimensions 

Since  this  turl 
is  necessary  to  s' 
reversals  being  pc 
the  flow  of  wat£ 
would  entail  conf 
to  avoid  this  an  a 
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the  pressure  sid( 
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of  the  main  throt 
when  the  latter  : 
the  throttle-valv 
hand.  By  this  t 
the  main  supply 
throttle-valve  is  ( 
pipe. 

Trial  of  Bad 
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This  motor  W£ 
tory  at  Immens 
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used  at  Terni  previously  described.  It  is  intended  to 
develop  a  maximum  of  400  horse-power  with  a  head  of 
570*8  feet,  and  a  supply  of  water  of  8*5  cubic  feet  per 
second. 

The  majority  of  the  vanes  are  of  steel-plate  0*2  inch 
thick,  cast  in  with  the  wheel-leasing;  but  there  are  besides 
thirty-six  strong  vanes  of  cast-iron  to  support  one  side 
of  the  casing  from  the  other,  which  is  connected  with 
the  arms  and  boss.  The  regulation  of  the  water-supply 
is  effected  by  a  segmental  slide  with  a  rack  on  the  back 
worked  by  a  pinion  through  a  worm-wheel  and  worm. 
The  face  of  the  slide  fits  against  the  inflow  edges  of  the 
guide-vanes,  and  closes  or  opens  the  guide-passages  as 
required ;  it  can  be  controlled  either  from  a  governor  or 
by  hand.  The  principal  dimensions  of  the  turbine  are  as 
follows  : — 

Inner  diameter 

Outer  diameter 

Width  of  guide-passages 

Width  of  buckets  at  inflow 

Width  of  buckets  at  outflow 

Number  of  wheel-vanes . 
The  water  is  conducted  to  the  motor  through  supply- 
pipes  having  a  total  length  of  4642  feet  4  inches,  of 
which  3481  feet  are  of  cast-iron  and  the  remainder 
wrought-iron.  The  cast-iron  pipes  have  a  diameter  of 
21*66  inches,  and  are  in  lengths  of  about  13  feet,  the 
metal  being  0*71  inch  thick.  The  wrought-iron  pipes 
are  18*9  inches  in  diameter,  in  lengths  of  19  feet  8  inches, 
and  0*2  to  0*47  inch  thick. 

The  velocity  of  the  water  in  the  cast-iron  pipes,  with 
the  largest  possible  supply,  does  not  exceed  about  4*125 
feet  per  second,  while  in  the  wrought-iron  pipes  it  is 
5*44  feet  per  second. 


.  2»-,  = 

7  ft. 

lOJ  in. 

.  2r,= 

8  ft. 

Ill  in. 

e    = 

4-32  in. 

.      c,  = 

4-72  in. 

.      e-i  = 

15-75  in. 

.      ?,  = 

110. 
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Water  Measiirements. 

The  quantity  of  water  used  by  the  wheel  during  the 
trial  was  measured  over  a  weir  or  bay,  the  formula  em- 
ployed to  determine  the  co-efficient  being  that  of  Brasch- 
mann,  according  to  which 

Q  =  (o-3838  +  0-0386  ^  ^  +  ^^^y^)  L  H^^fH 

(vide  "  Measurement  of  the  Quantity  of  Flowing  Water  "). 
As  a  check  the  results  were  compared  with  those  obtained 
by  Castel  and  with  Weisbach's  formula. 

The  head  immediately  before  the  guide-passages  was 
measured  by  means  of  a  pressure-gauge,  and  found  (as 
above  stated)  to  be  570*8  feet. 

Measurement  of  Power  developed. 

The  power  exerted  by  the  turbine  was  measured  with  a 
brake  in  the  ordinary  way,  and  in  addition  to  this  the 
work  expended  on  shaft-friction  was  also  determined. 

Res^dts  of  Trial. 

The  results  of  the  experiments  are  given  in  the  accom- 
panying table.  At  the  time  they  were  carried  out  the 
maximum  supply  of  water  for  which  the  wheel  was 
designed  (8*5  cubic  feet)  was  not  available,  so  that  the 
turbine  could  not  be  tested  to  its  full  power. 

In  the  account  of  the  trial  from  which  the  preceding 
particulars  have  been  taken,  the  vane-angles  are  not 
given,  but  as  the  effective  head  is  very  nearly  the  same 
as  for  the  800  horse-power  turbine  of  the  same  type  at 
Terni,  it  is  safe  to  assume  that  the  angles  are  also  nearly 
identical  with  those  of  the  latter  : 
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a     =: 
«!    = 

a^  = 


70**,  angle  of  outflow  from  guidea 
64f',  angle  of  inflow  into  buckets. 
70°,  angle  of  outflow  from  buckets. 


Radial  Chttward-Jlow  Girard  Turhine  mth 
Hoinzontal  Axis  at  Imnienstadt. 
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15 
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217-1 
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4-8 

20 

4-375 
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0-694 

4-7 
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0755 

4-5 

• 

15 
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129-2 

0-632 
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' 

15 

} ) 

It 
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137-5 

0-672 

4-9 

15 

)• 

>, 

194 

140-2 

0-686 

4-4 

31 

G-804 

1 

440-9 

210 

:      336-8 

0-764 

Head  measured  with  pressure-gauge  immediately  before 
turbine. 

From  observed  quantities  and  measurements  the  velo- 
city of  flow  from  the  guide-orifices  was  found  to  be 


=  0-948^2^A  =  \/"r 


2gh 


+  0113 

For  calculating  the  effective  area  of  the  guide  passages, 
the  above  co-eflScient  must  of  course  be  reduced  by  the 
usual  amount  to  allow  for  obstruction  by  the  wheel-vanes, 
the  value  given  having  been  determined  when  the  guide 
orifices  were  free. 
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Turbines  at  Schaffhausen  for  Electric  Poiver 

Transmission.  ^ 

Five  new  turbines  have  recently  been  added  to  those 
already  in  existence  for  about  thirty  years,  for  utilizing 
the  fall  of  the  Rhine  at  Schaffhausen.  The  older  turbines 
have  always  been  and  still  are  used  for  driving  wire  ropes 
which  transmit  the  power  developed  to  the  opposite  bank 
of  the  river.  The  new  turbines  drive  dynamos  from 
which  the  power  is  transmitted  by  electric  cables  to 
various  points;  each  develops  at  least  300  H.P. 

Two  of  the  turbines  were  supplied  by  Messrs.  J.  J. 
Rieter  and  Co.  of  Winterthur.  These  work  dynamos  from 
which  the  current  is  transmitted  through  copper  wires  to 
Schaffhausen,  on  the  opposite  bank  of  the  Rhine,  for 
the  purpose  of  driving  a  spinning  manufactory.  Of  the 
remaining  three  turbines,  supplied  by  Messrs.  Elscher, 
Wyss  and  Co.  of  Zurich,  two  are  employed  in  providing 
electricity  for  aluminium  works  adjoining  the  turbine 
house. 

In  every  case  the  dynamos  are  driven  by  ropes  from 
counter-shafts  connected  by  mortice  bevel-gearing  with 
the  vertical  turbine-shafts.  Figs.  147,  148  illustrate  the 
arrangement  and  design  of  Messrs.  Rieter  and  Co.'s 
turbines.  These  are  of  the  Jonval  type,  each  with  two 
concentric  sets  of  buckets,  an  arrangement  adopted  on 
account  of  the  variations  occurring  in  the  available  head 
and  quantity  of  water. 

In  time  of  flood,  in  summer,  the  head  is  only  about 
9  ft.  10  in.,  while  the  flow  of  water  amounts  to  388  cubic 
feet  per  second.     When  the  river  is  low  the  maximum 

*  Zeitschrift  des  Vereiiis  Denfscher  hxgenienre^  vol.  xxxvii.,  No.  46, 
November  18,  1893,  p.  1416. 
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14  ft.  9  in.,  and  the  corresponding  quantity  of  water 


cubic  feet  per  second ;  the  change  in  the  bead  is 
the  rise  of  the  tail-water  level    When  the  water 
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18  low — with  the  mtutttnutn  head — the  outer  set  of  buckets 
only  is  used,  while  in  floods  both  sets  come  into  action. 
When  not  required  the  inner  biicketa  are  closed  by  hand- 
covere. 


The  guide-ring  tits  into  a  cast-iroD  casing,  let  into  the 
masonry,  and  carrying  at  its  lower  end  a  wrought-iron 
draft-tube.    The  lower  edge  of  the  wheel  is  4  ft.  7  in. 
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* 

above  the  tail-water  level  when  the  latter  is  at  its 
lowest 

Each  turbine  wheel  is  keyed  to  a  hollow  cast-iron  shaft 
supported  on  an  overhead  bearing.  The  shaft  is  made 
in  two  parts,  with  a  total  length  of  32  ft.  1*84  in.;  the 
outer  diameter  is  13  in.,  the  inner  diameter  7*47  in. 

The  wrought-iron  column,  about  which  the  shaft  revolves, 
fits  into  a  cast-iron  socket  secured  by  four  lewis-bolts  to 
the  floor  of  the  tail-race. 

The  column  carries  at  its  upper  end  an  oil-bath  in 
which  the  shaft-pivot  revolves,  as  clearly  shown  in  Fig.  149. 
The  lower  end  of  the  pivot  is  secured  to  a  cast-iron  washer, 
which  runs  on  a  similar  washer  attached  to  the  top  of  the 
column;  both  washera  have  a  diameter  of  7*08  in.,  and 
the  total  load  on  their  bearing  surface,  including  water 
pressure,  is  50,706  lbs. 

To  steady  the  shaft  there  are  four  bearings,  of  which 
two  are  below  water  and  have  lignum  vitae  bushes. 

The  bevel  mortice-wheel  keyed  to  the  upper  end  of  the 
turbine-shaft  has  132  teeth,  with  a  pitch  of  3*34  in.,  a 
pitch  diameter  of  11  ft.  8'32  in.,  and  a  breadth  of  13*78  in. 
The  pinion  has  56  cast-iron  teeth,  with  a  pitch  diameter  of 
4  ft.  11-53  in. 

Each  rope-pulley  driving  a  dynanio  has  a  diameter  of 
13  ft.  1'48  in.,  and  10  grooves  for  ropes  each  1*97  in. 
diameter. 

Tlie  water  is  admitted  to  the  turbine-chambers  by 
balanced  gates  turning  about  vertical  spindles,  as  shown 
in  Fig.  147. 

The  three  turbines  of  Messrs.  Escher,  Wyss  and  Co.  are 
designed  for  similar  conditions,  and  are  of  the  same  type 
as  those  of  Messrs.  J.  J.  Rieter.  They  run,  however,  at  a 
speed  of  48  revolutions  per  minute,  are  smaller  in  diameter, 
and  have  a  greater  width  of  buckets. 
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Instead  of  working  with  a  draft-tube,  each  turbine  is 
placed  at  the  lower  end  of  a  cylindrical  casting  forming 
part  of  the  turbiue-chamber. 

With  low  water  the  wheel  is  just  covered,  hut  in  times 
of  flood  the  tail-water  rises  round  the  outside  of  the  casing. 

A  section  through  the  wheel  and  guide-casing  ia  shown 
in  Fig.  150. 

Fig.  160. 


The  inner  set  of  guide-passages  can  be  closed  by  vertical 
elides. 

The  dynamos  driven  from  the  Rieter  turbines  are 
six-pole  compound  dynamos,  running  at  a  speed  of  200 
revolutions  per  minute,  and  each  developing  330  amp. 
with  a  pressure  of  630  volts,  equivalent  in  round  numbers 
to  350  H.P. ;  of  this,  565  H.P.  ia  tmnsmitted  to  the 
spinning  manufactory. 

The  accompanying  table,  which  has  been  compiled  from 
data  furnished  to  the  author  by  the  makers,  contains  the 
more  important  dimensions,  ratios,  and  quantities  for  one 
of  Messrs.  Bietcr's  turbines. 

The  outer  ring  is  so  designed  as  to  work  at  the  best 
speed  with  the  maximum  head  of  14'75  feet;  its  area  is 
calculated  for  a  quantity  of  water  somewhat  in  excess  of 
the  minimum  actually  occurring,  namely,  270  cubic  feet 


Details  of  Jonval  Turbine  at  Sch<iff'haiisen  {ht/ 
Messrs.  J.  J.  Rieter  and  Co.). 
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per  second  (the  minimum  being  240).  The  inflow  takes 
place  without  shock,  and  the  outflow  is  approximately 
vertical,  ^o  and  c^  being  nearly  equal. 

The  inner  ring  is  designed  to  give  the  maximum 
efliciency  with  the  minimum  head  of  9'833  feet,  and 
under  these  conditions  is  calculated  to  consume  198  cubic 
feet  of  water  per  second. 

It  is  clear  that  in  a  double  turbine  of  this  class,  when 
the  diameter  and  width  of  the  inner  ring  have  been  fixed, 
that  of  tlie  outer  ring  is  also  determined  within  com- 
paratively narrow  limits,  and  this  of  course  settles  the 
velocity  of  rotation.  In  calculating  the  dimensions  of  the 
outer  ring,  a  method  somewhat  different  to  that  employed 
for  a  simple  turbine  has  to  be  followed. 

In  the  first  place  (as  usual)  a  may  be  chosen,  but  the 
other  angles,  the  ai-ea  ratio,  and  the  diameter  can  only  be 
determined  by  a  process  of  trial  and  error. 

A 

If  the  inner  ring  is  of  normal  design  with  -j-  =  1 

A 
and  Oi  a  small  angle,  then  for  the  outer  ring  jr  must  have 

a  larger  value,  and  a^  must  be  greater  in  order  that  the 

conditions  of  inflow  without  shock  and  vertical  outflow 

may  be  observed.    This  is  the  case  in  the  present  example. 

For  the  inner  ring — as  will  be  seen  from  the  table — the 

area-ratio  is  1*081,  the  angles  a  and  Oj  are  rather  less  than 

is  usual,  a^  slightly  greater,  while  the  diameter  is  a  little 

under  the  normal  value  for  continental  practice.     For  the 

A 
outer  ring  the  ratio  -j  and   all  the  angles  are  greater, 

the  angle  a^  being  quite  abnormal. 

When  the  two  rings  are  both  at  work  with  the  maximum 
quantity  of  water  and  the  minimum  head,  the  inner  ring 
only  is  working  at  the  best  speed.    Under  these  conditions 
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the  available  power  is  greater  than  with  the  maximum 
head  and  minimum  quantity,  and  the  guaranteed  effective 
power  (296  H.P.)  can  be  obtained  with  an  efficiency  of 
68  per  cent.  When  only  the  outer  ring  is  working  (with 
the  maximum  head),  an  efficiency  of  73*5  per  cent,  is 
necessary  in  order  to  develop  the  required  power.  The 
preceding  efficiencies  are  calculated  for  the  actual  maxim\im 
and  minimum  quantities  of  flow  388  and  240  cubic  feet 
per  second  respectively,  and  not  for  the  quantities  for 
which  the  turbine  is  designed  (which  are  rather  greater  in 
order  to  allow  some  margin). 

The  Felton  Wheel 

The  Pelton  wheel,  or,  as  it  is  popularly  called,  the 
"hurdy-gurdy,"  is  a  form  of  motor  which  has  recently 
found  great  favour  in  the  mining  districts  of  California 
and  other  parts  of  America.  Its  construction  is  shown 
in  Fig.  151.^  It  consists  essentially  of  a  series  of  double 
buckets  attached  to  the  circumference  of  a  wheel;  the 
water  issues  through  a  nozzle  from  the  supply-pipe,  and, 
striking  the  buckets  in  the  middle,  is  deflected  to  both 
sides  equally.  The  direction  of  the  jet  of  fluid  is  tan- 
gential to  the  mean  circumference,  meas\ired  to  the  middle 
of  the  radial  width  of  the  buckets.  A  little  consideration 
will  make  it  evident  that  the  Pelton  wheel  is  an  impulse 
turbine  of  the  axial  class,  in  which  the  angle  a  is  90°, 
and  Og  also  near  90°.  Figs.  152  and  153  show  respectively 
a  perspective  view  of  and  a  section  through  one  of  the 
buckets.  The  relative  velocity  of  inflow  ia  c  —  w  =  c^,  and 
the  relative  velocity  of  outflow — apart  from  friction — the 
same  c^  =  c^,  since  there  is  no  fall  in   traversing   the 

^  For  this  ilhistration  the  author  is  indebted  to  the  courtesy  of  the 
editors  of  Engineering, 


^ 
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buckets,  and  the  velocity  of  rotation  is  the  same  where 
the  water  enters  as  where  it  leaves  the  wheel.  To  obtain 
the   minimum   absolute   residual    velocity,   in    this  case 


/ 
;   c,  =  M!  = 


,  and  hence  c  = 


,  or  Ml  =  -  the  best 


••^peed  of  the  wheel. 

As  actually  made,  the  relative  angle  of  inflow  a,  is  not 
quite  00',  which  for  absence  of  shock  should  on  theoretical 
grounds  be  the  case,  but  to  attain  this  it  would  be  neces- 
sary to  bring  the  middle  of  the  bucket  to  a  knife-edge  to 
avoid  loss  by  impact  against  a  blunt  surface.  To  do  this 
would  be  impracticable,  and  the  loss  caused  by  making 


Fig.  152. 


Fig.  153, 


the  edge  flat  would  probably  more  than  counterbalance 
any  advantage  obtained  from  the  correct  construction  of 
the  angle  a,. 

Very  high  results  are  claimed  for  these  turbines,  one 
of  which  is  said  to  have  shown  an  efficiency  of  over  87 
per  cent. ;  without  feeling  bound  to  accept  this  result  aa 
absolutely  correct,  the  author  sees  no  reason  why  a  Peltoa 
wheel  should  not  have  a  very  fair  efficiency,  althongh  there 
are  causes  of  loss  peculiar  to  its  construction  which  must 
be  pointed  out. 

In  the  earlier  wheels,  owing  to  the  angle  a,  being  90°, 
the  water  on  leaving  a  bucket  has  no  velocity  in  an  axial 
direction  to  enable  it  to  clear  the  following  bucket,  and 


en 
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must  be  carried  round  some  distance  by  the  wheel  before 
acquiring  from  gravity  the  motion  necessary  for  the 
purpose.  This  was  pointed  out  in  a  paper  read  by  Mr. 
Hamilton  Smith,  junr.,  before  the  American  Society  of 
Civil  Engineers,  in  which  the  author  stated  that  ''an 
examination  of  a  hurdy-gurdy  with  either  flat,  recessed, 
or  curved  buckets,  while  at  work,  shows  that  the  wheel 
'  carries '  over  a  large  amount  of  water,  the  force  of  which 
is  consequently  lost,  and  in  fact  becomes  ah  additional 
load  to  lift." 

In  more  recently  constructed  Pelton  wheels  this  defect 
has  been  remedied  by  making  the  angle  a,  rather  less  than 
90^  Obviously,  as  in  the  case  of  other  impulse  turbines, 
the  thickness  (or  depth)  of  the  jet  must  be  taken  into 
account  in  determining  a,. 

Another  cause  of  loss  consists  in  the  obstruction  of  the 
jet  of  water  driving  the  wheel,  not  only  by  the  central 
dividing  edges  of  the  buckets  in  a  plane  at  right  angles 
to  the  axis,  but  also  by  the  outer  edges  parallel  with  the 
latter. 

The  usual  method  of  regulating  Pelton  wheels  is  by 
throttling  the  jet,  but  recently  nozzles  have  been  introduced 
in  which  the  jet  is  regulated  by  an  accurately  fitted 
internal  cone,  as  illustrated  by  Figs.  154  and  155.  For 
high  powers  several  jets  are  sometimes  employed,  placed 
so  far  apart  that  a  bucket  supplied  by  the  first  jet  is 
emptied  before  being  acted  on  by  the  next  jet 

In  cases  in  which  the  water-supply  varies  at  different 
times,  the  supply-pipes  are  so  arranged  that  nozzles  of 
different  sizes  can  easily  be  fitted  on  to  them. 

The  body  of  the  wheel  is  generally  of  cast-iron,  and  the 
buckets  of  hard  bronze.  For  small  wheels  the  buckets 
are  polished  internally  in  order  to  reduce  friction. 

It  is  stated  that  Pelton  wheels  can  be  made  ranging  in 
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power  from  -^  to  2000  h.p.,  and  that  the  tnanufacturerfl 
guarantee  an  efficiency  of  from  80  to  85  %. 


In  designing  a  Peitoa  wheel  it  is  obTionsly  an  advantage 
to  pitch  the  buckets  as  far  apart  as  practicable,  in  order 
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to  reduce  the  loss  caused  by  impact  of  the  jet  with  the 
edges  of  the  buckets  to  a  miDimum. 

On  the  other  liand,  if  the  pitch  be  too  great,  it  is  not 
possible  to  give  the  buckets  such  a  form  that  the  energy 
of  the  jet  is  advantageously  utilized  in  the  extreme 
position  of  each  bucket  when  the  jet  is  acting  on  it  from 
the  greatest  distance.  The  greater  the  pitch,  the  greater 
also  is  the  distance  through  which  the  water  has  to  pass 
before  coming  into  contact  with  the  buckets,  and  this 
increases  the  loss  due  to  the  resistance  of  the  air.  The 
best  proportions,  as  regards  these  points,  can  only  be 
determined  by  experience.  It  may  be  mentioned,  that  as 
at  present  made  in  America,  a  6-foot  wheel  has  24  buckets. 

Tiie  buckets  are  not  fixed  with  their  longer  edges  radial 
to  the  wheel,  but  so  that,  when  any  bucket  is  in  the 
position  in  which  the  jet  first  acts  upon  it,  the  central 
edge  forms  an  angle  of  iiot  over  90°  with  the  direction  of 
the  jet,  measured  on  the  side  next  the  nozzle.  If  the 
angle  in  question  were  over  90°,  the  water  would  be 
deflected  inwards  (towards  the  wheel),  and  its  free  escape 
possibly  impeded. 

The  width  of  tlie  buckets  should  be  at  least  seven  times 
as  great  as  the  thickness  of  the  jet  (where  it  leaves  the 
nozzle)  ;  and,  with  a  given  relative  angle  of  outflow  Oj  and 
given  pitch,  the  jet  where  it  leaves  the  bucket  must  be 
thin  enough  not  to  come  into  contact  with  the  back  of  the 
succeeding  bucket.  This  point  has  been  fully  dealt  with 
in  connection  with  the  design  of  impulse  turbines  in 
general. 

It  is  worth  noting  that  with  a  Pelton  wheel  the  water 
enters  the  buckets  without  shock  at  all  speeds  of  the 
wheel,  although  the  outflow  is  axial  only  at  one  speed. 
Among  the  various  installations  of  Pelton  wheels  now  at 
work  the  following  may  be  mentioned — 
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At  the  Idaho  Mines  in  Nevada,  where  these  motors 
were  first  employed  on  a  large  scale,  there  are  now  eighteen 
Pelton  wheels  of  various  sizes,  driving  winding-drums, 
stamps,  air-compressors,  pumps,  &c. 

At  the  Treadwell  Mine  in  Alaska,  a  7-foot  wheel  working 
with  a  fall  of  about  490  feet  and  a  water-supply  of  10'5 
cubic  feet  per  second,  develops  about  500  horse-power,  and 
drives  240  stamps,  96  ore-milb,  and  13  ore-crushers.  The 
nozzle  usually  employed  has  a  diameter  of  3^  inches,  but 
when  the  water-supply  is  plentiful  a  nozzle  of  4  inches 
diameter  is  used,  and  the  wheel  gives  oflf  about  735  horse- 
power. 

The  largest  Pelton  wheel  yet  made  is  said  to  be  one 
driving  air-compressors  at  a  mine  in  Costa  Rica.  This 
has  a  diameter  of  about  14  feet  6  inches,  and  at  95  revo- 
lutions per  minute  with  a  fall  of  390*5  feet  is  stated  to 
develop  120  horse-power. 

In  a  recent  installation  of  the  "Pelton  Water  Wheel 
Company,"  the  wheel  works  with  a  fall  of  2106  feet,  and 
has  a  circumferential  velocity  of  181  feet  per  second.  In 
this  case  the  body  of  the  wheel  is  made  of  steel,  instead 
of  cast-iron,  on  account  of  the  great  stress  to  which  it  is 
subject. 

In  1891  a  test  was  made  by  the  "  Chester  Hydmulic 
Engineering  Company,  Ltd.,"  of  a  very  small  Pelton  wheel, 
driven  by  water  from  the  mains  of  the  London  Hydraulic 
Power  Company,  supplied  under  a  pressure  of  740  lbs.  per 
st^uare  inch.  The  wheel  had  a  diameter  of  about  18 
inches  over  the  tips  of  the  buckets,  and  worked  at  1600 
revolutions  per  minute.  The  efficiency  as  ascertained  by 
means  of  a  brake  was  70  per  cent.  The  pressure  measured 
by  a  gauge  in  connection  with  the  main  close  to  the  motor 
was  660  lbs.  per  square  inch,  equivalent  to  a  head  of  1522 
feet.     The  difference  between  this  pressure  and  that  of 
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740  lbs.  per  ^uare  inch  observed  near  the  accumulator 
was  due  to  loss  in  the  mains. 

In  California  some  trials  with  a  Pelton  wheel  were 
carried  out  by  Mr.  E.  Browne.  The  diameter  of  the 
wheel  was  about  15  inches,  the  width  1-|  inch.  The  fall 
was  56  feet.  With  a  nozzle  of  10  millimetres  internal 
diameter,  the  eflSciency — according  to  the  Engineering 
and  Mining  Jom^ml — was  82*6  per  cent.,  while  with  a 
nozzle  of  9  millimetres  diameter,  the  efficiency  reached 
82*5  per  cent. 


The  Niagara  Falls  Installation. 

Various  projects  for  utilizing  on  a  large  scale  some  of 
the  water-power  available  at  the  Falls  of  Niagara  have 
long  been  under  consideration,  and  at  length  one  of  these 
is  actually  being  carried  out  and  is  approaching  its 
completion. 

The  project  in  question  contemplates  as  its  leading 
feature  the  installation  of  a  Central  Power  Station,  from 
which  the  water-power  utilized  through  turbines  will  be 
transmitted  and  distributed  by  electricity  to  neighbouring 
manufactories,  and  employed  for  lighting  purposes. 

The  chief  characteristic  of  the  scheme,  as  carried  out,  is 
a  large  tunnel  tail-race,  into  which  all  the  turbines  erected 
will  discharge  through  branch  tail-races. 

Users  of  power  on  a  large  scale,  instead  of  being  sup- 
plied electrically  from  the  central  station,  may  construct 
turbines  of  their  own  discharging  into  the  tunnel. 

This  installation  is  designed  for  utilizing  10,200  cubic 
feet  of  water  per  second,  with  an  available  head  of  140 
feet,  equivalent — with  an  assumed  efficiency  of  75  per 
cent,  for  the  turbines — to  about  120,000  horse-power. 
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The  head-race  {or  supply  canal)  starts  at  a  point  1^ 
miles  above  the  American  Fall ;  it  has  a  width  of  500  feet, 
a  depth  of  12  feet,  and  is  1500  feet  long.  Along  the  edge 
of  this  canal  wheel  pits,  160  feet  deep,  have  been  sunk 
for  accommodating  the  turbines.  From  the  bottom  of  these 
pits  the  branch  tail-races  drain  into  the  tunnel.  This 
tunnel  is  cut  out. of  limestone  rock,  and  it  was  expected 
that  this  would  prove  hard  enough  to  render  lining  un- 
necessary. Experience  has  shown  that  such  is  not  the 
case,  and  it  has  been  found  necessary  to  protect  the  rock 
with  four  rings  of  brickwork  in  cement.  The  tunnel  has 
a  horseshoe  section,  21  feet  high  by  19  feet  wide,  with  an 
area  of  about  385  square  feet.  The  length  is  6,700  feet, 
and  the  gradient  0*7  feet  per  1000  feet  This  unusually 
steep  gradient  is  estimated  to  give  a  velocity  of  flow  of  25 
feet  per  second,  which  is  extremely  high. 

The  first  two  wheels  for  use  in  connection  with  the 
Central  Power  Station — for  the  Niagara  Falls  Power 
Company — are  now  approaching  completion.  They  were 
designed  by  Messrs.  Faesch  and  Piccard  of  Geneva 
(Switzerland),  and  are  being  made  by  the  L  P.  Morris  Co. 
of  Philadelphia. 

Elach  of  these  wheels  is  to  develop  5000  horse-power 
with. a  mean  head  of  136  feet 

The  arrangement  and  construction  of  the  turbines  is 
shown  in  Figs.  156  to  162.^ 

Each  turbine  consists  of  two  wheels  of  the  Fourneyron 
type,  keyed  to  the  same  shaft;  into  one  of  these  the 
inflow  is  downwards,  into  the  other  upwards.  The  water 
is  supplied  through  a  steel  pipe  7^  feet  diameter.  Figs. 
158  and  159,  and  flows  through  a  cast-iron  bend  into  the 
guide-vane  chamber. 

*  The  Author  is  indebted  for  these  illustrations  to  the  courtesy  of 
the  Editors  of  Engiiieering.. 
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The  lower  wheel  is  so  constructed  that  the  pressure  due 
to  the  head  is  not  borne  by  the  wheel  it^If,  but  by  the 
guide-casing.  On  the  other  hand,  the  full  pressure  acts  on 
the  upper  wheel  and  balances  the  superincumbent  weight 

Each  wheel  with  its  guides  is  divided  into  three  stages, 
and  the  regulation  is  effected  by  means  of  a  balanced 
circular  sluice  surrounding  the  wheel  This  sluice  is 
actuated  through  levers  and  connecting  rods  from  a 
governor — of  peculiar  construction  patented  by  Messrs. 
Faesch  and  Piccard — ^placed  at  the  top  of  the  wheel-pit 
The  leading  dimensions  of  the  turbines  are  given  in  the 
illustrations.  The  water  supply  for  each  twin-turbine  is 
430  cubic  feet  per  second,  which,  with  a  head  of  136  feet 
measured  to  the  centre  between  the  pair  of  wheels  and  an 
efficiency  of  75^  per  cent.,  will  give  5000  horse-power. 

The  wheels  will  make  250  revolutions  per  minute ;  this 
gives  a  co-efficient  of  speed  for  the  inflow-circumferences 
of  the  wheels,  K2  =  0734. 

The  main  shaft  of  each  turbine  is  a  steel  tube  38  inches 
in  diameter,  except  at  the  guide-bearings,  where  it  is  solid, 
and  has  a  diameter  of  only  11  inches.  A  thrust  bearing 
carries  the  weight  of  the  shaft  and  wheels  when  at  rest ; 
but  when  running  it  is  relieved  of  its  load  by  the  pressure 
of  the  water  on  the  upper  wheel  as  already  described. 

To  insure  greater  regularity  in  the  speed,  a  fly-wheel 
14i  feet  diameter  and  weighing  10  tons  will  be  mounted 
on  the  shaft.  As  its  peripheral  velocity  will  be  about 
11,400  feet  per  minute,  it  is  being  made  of  wrought  iron. 

Before  arriving  at  a  decision  as  to  the  type  of  turbine 
to  be  adopted  for  the  Niagara  installation,  the  promoters 
.,  referred  the  matter  to  an  International  Commission.  This 
Commission  invited  competitive  designs  from  some  of  the 
leading  turbine-makers  of  the  world,  with  the  result,  that 
the  design  considered  to  be  first  in  order  of  merit  was 
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that  of  Messrs.  Escher,  Wyss  and  Co.  of  Zurich.  Owing, 
it  is  understood,  to  the  refusal  of  this  firm  to  allow  their 
designs  to  be  carried  out  by  American  manufacturers,  the 
scheme  of  Messrs.  Escher,  Wyss  and  Co.  has  not  been 
practically  adopted ;  as  being  admittedly  the  best  of  those 
submitted  to  the  Commission,  it  however  deserves  notice. 

Messrs.  Escher,  Wyss  and  Co.  proposed  the  employment 
of  twin  Jonval  turbines,  keyed  to  the  same  shaft,  the 
lower  one  discharging  upwards  and  the  other  downwards. 
The  water,  however,  after  leaving  the  wheel-vanes  was  to 
be  so  directed,  by  a  curved  continuation  of  the  wheel- 
casing,  that  the  final  discharge  into  the  tail-race  should 
be  horizontal.  With  this  arrangement  the  pressure  of  the 
water  on  the  lower  wheel  would  neutralize  that  on  the 
upper  wheel,  and  wholly  or  partially  balance  the  weight  of 
the  revolving  parts.  The  bearing  was  to  be  of  the  over- 
head Fontaine  type.  For  regulating  the  turbine  a  balanced 
circular  sluice  throttling  the  discharge  and  controlled  by 
an  hydraulic  governor  was  to  be  provided.  In  this  case 
also  the  speed  would  have  been  250  revolutions  per 
minute,  and  the  power  developed  5000  horse-power. 

The  first  hydraulic  motors  actually  at  work  in  connection 
with  the  Niagara  installation  are  three  turbines  supplied 
to  the  Niagara  Falls  Paper  Company  by  Messrs.  R.  D. 
Wood  and  Co.  of  Philadelphia.  Each  of  these  is  designed 
to  develop  1100  horse-power  under  a  fall  of  140  feet.  The 
type  of  wheel  adopted  is  the  inverted  Jonval,  in  this  case 
tiao  with  the  object  of  balancing  the  weight  of  the  shaft 
and  gearing.  The  regulation  is  effected  by  a  circular 
sluice  throttling  the  supply.  Each  wheel  has  a  diameter 
of  4  feet  8  inches,  and  is  designed  to  run  at  a  speed  of  260 
revolutions  per  minute.^ 

1  A  description  with  illustrations  of  these  turbines  is  given  in 
Enciiiieeringf  voL  Ivii.,  1894,  no.  1476,  p.  480. 
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Tinal  of  a  ^' Stvain'*   Turbine  at   Boott   Cotton 

Mills} 

In  1874^  Mr.  James  B.  Francis  carried  out  a  series  of 
experiments  on  a  "Swain"  turbine,  one  of  a  pair,  both 
of  the  same  pattern,  made  to  replace  so-called  centre-vent 
(inward-flow)  wheels,  which  had  been  in  use  since  1849.    . 

The  apparatus  used  for  measuring  the  power  of  the 
wheel  was  substantially  the  same  as  that  employed  in 
testing  the  above-mentioned  centre-vent,  and  also  the 
Tremont  turbine  previously  described.  For  gauging  the 
discharge  of  the  w^ater  consumed,  a  weir  without  end 
contractions  was  adopted,  with  a  length  of  16*311  feet; 
in  other  respects  the  method  of  observation  was  similar 
to  that  followed  in  the  earlier  trials.  The  crest  of  the 
weir  was  1208  feet  above  the  bottom  of  the  canal  of 
approach.  The  water  had  a  free  fall  from  the  weir,  the 
height  of  the  water  on  the  down-stream  side  of  the  weir 
being  in  no  experiment  less  than  2'5  feet  below  the  crest. 
For  computing  the  quantity  of  water  flowing  over  the 
weir,  Francis's  well-known  formula 

Q  =  3-33  L  H^ 

was  used. 

The  experiments,  of  which  the  results  are  given  in 
the  adjoining  table,  were  very  carefully  carried  out  in 
every  respect,  and  perfectly  independent  of  the  makers 
of  the  turbines. 

■ 

^  The  Jonnvil  of  the  Fraiiklin  InstiMe^  1875,  vol.  xcix.,  p.  249. 
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Descriptioyi  of  the  Turbine. 

lie  "  Swain "  turbine  tested  was  of  the  inward  mixed- 
type,  the   outflow  from  the   upper  portion   of  the 
being  radial,  while  that  from  the   lower  portion 
a  varying  vertical  component,  the  outflow  at  the  outer 
-meter  being  axial,  but  becoming  more  radial  towards 

centre. 
The  discharging  edge  of  each  bucket  lay  in  a  vertical 
passing  through  the  axis  of  the  wheel,  being  parallel 
"tbis  axis  from  the  under  side  of  the  crown  to  a  point 
>ut  8  J  inches  below  it,  and  from  this  point  was  con- 
"•-Xiued  in  the  form  of  a  quadrant,  with  a  radius  equal  to 
j-fifth  of  the  outer  diameter  of  the  wheel,  and  having 
centre  in  the  cylinder  forming  the  outer  circumference 
the  wheel. 

The  regulating  gate  was  formed  by  the  lower  side  (or 

^isc)  of  the  guide-casing  to  which  the  guide-vanes  were 

attached,  the  construction  being  such  that  the  whole  of 

tibis  lower  disc  could  be  moved  vertically,  so  as  to  increase 

or  diminish  the  width  of  the  guide-passages  parallel  with 

the  axis  of  the  wheel     In  the  upper  crown  of  the  guide- 

y^  apparatus  were  slots  to  allow  the  passage  of  the  vanes 

\^when  the  gate  was  raised. 

'  Twenty-one  of  the  guide- vanes  were  of  bronze,  0*23 
lu  *h  thick  and  18*94  inches  long,  tapered  at  each  end  to 
0*04  inch  in  thickness,  with  a  bevel  on  each  side  one  inch 
long;  the  remaining  three  of  the  guide-vanes  were  of 
cast-iron  of  sufficient  thickness  at  the  outer  ends  to  allow 
the  passage  of  the  rods  for  adjusting  the  gate. 

The  inner  edges  of  the  guide-vanes  were  distant 
radially  IJ-  inch  from  the  outer  edges  of  the  buckets. 
The  water  after  leaving  the  wheel  passed  through  a  short 
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divergent  suction-tube,  about  5  feet  9  inches  in  diameter 
and  21 J  inches  long. 

The  step  upon  which  the  wheel  revolved  was  a  cylinder 
of  white  oak  with  conical  ends,  free  either  to  revolve  with 
the  wheel  or  remain  stationary,  and  resting  on  a  cast- 
iron  socket  attached  by  three  arms  to  the  sides  of  the 
suction-tube.  This  step  was  enclosed  in  the  hollow  con- 
tinuation of  the  wlieel-boss,  and  supplied  with  water  for 
lubrication  by  a  pipe  from  below.  The  diameter  of  the 
step  appears  to  have  been  very  considerable — about  12 
inches — in  proportion  to  that  of  the  wheel,  and  makes  it 
probable  that  the  loss  by  friction  was  greater  than  the 
average  for  such  turbines. 

The  wheel-vanes  were  of  bronze  cast  into  the  cast-iron 
wheel-casing. 

Dimenfiioiis  of  Turhinc. 

Outside  diameter     .             .  2  rj  =  G  ft. 

Ijeast  inner  diameter           .  2  rg  =  2  ft.  8  in. 

Width  of  guide  passages     .  e   =  1308  in. 

Width  of  buckets  at  inflow  e^  =  13'285  in. 

Number  of  guide-vanes       .  z   =  24*. 

Number  of  wheel-vanes      .  z^  =  25. 

Thickness  of  guide-vanes    .  t    =  0*23  in.  generally. 

Thickness  of  guide-vanes    .  t    =  0'04  in.  at  ends. 
Measured  outflow  area  from 

guide  passages     .             .  -^i   =  9*880  sq.  ft. 
Measured  outflow  area  from 

buckets   .             .             .  Ai^  =  9*558  sq.  ft. 
Mean  angle  of  outflow  from 

guides      .              .             .  a   =  Go"". 

Mean  angle  of  inflow  into 

buckets    .  .  .  Oj  =  0°. 

G  o 


>  _ 
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Mean  angle  of  outflow  from 

buckets   .  .  .  ttg  =•  Co'. 

With  respect  to  tlie  mean  angle  of  outflow,  it  must  be 
remarked  that  at  the  outer  diameter,  where  the  outflow 
is  axial,  a,  is  about  64°,  while  for  that  portion  of  the 
wheel  where  the  outflow  is  radial,  ag  is  about  68".  From 
the  mtter  to  the  innd"  diameter,  the  depth  of  the  passages 
between  the  buckets,  or  the  shortest  distance  between 
them  at  the  outlet,  deci^easeSf  so  that  for  a  given  width 
a  much  larger  proportion  of  the  water  leaves  the  wheel 
through  the  miter  part  of  the  bucket  orifices  than  through 
the  innci*.  Taking  this  unequal  distribution  into  account, 
the  mean  cffcMve  value  of  the  angle  a^  must  be  nearer  64"* 
than  68^,  and  has  been  estimated  at  65°. 

To  arrive  at  some  conclusion  as  to  the  maan  effective 
radius  at  which  the  water  may  be  assumed  to  leave  the 
turbine,  it  is  also  necessary  to  have  regard  to  the  dis- 
tribution of  tlie  water,  on  the  assumption  that  the  relative 
velocity  of  outflow  r^  is  the  same  at  all  points.  From  a 
study,  as  careful  as  the  available  information  and  illus- 
trations permitted,  of  the  proportions  of  the  wheel,  the 
author  has  estimated  the  effective  ratio  of  tlie  outer  to 

r 
the   mean   inner   radius,    -7^  ,  as    1*3,   whence   the    mean 

inner  diameter  is  4*615  feet. 

The  co-efficient  of  contraction  for  the  guide-passage 
orifices,  from  which  all  the  water  issues  radially,  may  bo 
taken  as  somewhat  less  than  that  applicable  to  the  bucket 
orifices,  from  which  a  portion  of  the  water  flows  in  a  more 
or  less  axial  direction ;  the  values  of  the  two  co-eflScients 
may  be  assumed  as  respectively  0*9  and  0*95,  in  which 
case  the  ratio  of  the  effective  outflow  areas  A  and  A^  is 
practically  1,  since 


DESrniPTIONS  AND  EXPERIMENTS.  451 

^    =  0-9     X  9-88     =  8-992  sq.  ft. 

A^  =  0-95  X  9-558  =  9-080  sq.  ft. 

Calculated  from   the   preceding  value   of  A    and   the 

quantity  of  water,  Q  =  162*538  cubic  feet,  consumed  at 

the   best  speed — as  given   in  the  table   of  results — the 

velocity  of  flow 

c     =  18075  feet  per  second, 
and  A\  =    0644. 

Tlie  theoretical  value  for  A'l  determined  from  the  angles 

and  proportions  previously  stated  with  an  allowance  of 

34 y  for  friction  is 

A",  =  0-638. 

Tlie  agreement  in  this  instance  is  excellent,  especially 
considering  the  uncertainty  as  to  the  actual  distribution 
of  the  outflowing  water  and  the  co-efficients  of  contraction. 

In  the  "Swain"  wheel  the  outer  casing  is  continued 
doNvnwards  as  far  as  the  lowest  part  of  the  buckets, 
instead  of  being,  as  in  the  "Hercules"  wheel,  merely  a 
narrow  ring  ;  on  this  account  the  effective  outflow  area  A^ 
has  been  taken  as  nearly  equal  to  the  measured  area,  since 
the  water  after  entering  the  buckets  in  much  the  same 
way  as  in  the  "  Hercules  "  turbine,  and  making  an  abrupt 
turn  at  the  outer  edge,  has  room  to  spread  itself  out  again 
before  leaving  the  buckets,  and  thus  fill  the  latter. 

The  cu^pcrimcntul  best  velocity  was 

n\  =  21*708  ft.  per  second, 
that  for  inflow  without  shock 

7^1  =  16*376  ft, 
that  for  radial  outflow 

w^  =  21-289  ft 

It  will  be  seen  that  the  last  value  agrees  very  closely 
with  practice.  It  is  obvious  that  the  wheel  was  not 
designed    for    simultaneous    inflow    without   shock    and 
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vertical  outflow.     The  mean  of  the  velocities  on  these  two 
as3umptions  is  18832  feet  per  second. 


The  PctRDON-W alters  Stream  Motor. 

For  utilizing  the  kinetic  energy  of  a  flowing  stream, 
where  no  fall  is  available,  floating  water-wheela  of  the  old- 
fashioned  type  are  still  used  on  many  rivers  with  rapid 
currents.  Stream  turbines  are  also  occasionally  employed. 
The  latter  arc  in  all  essential  points  similar  to  ordinary 
turbines,  but  must  of  course  be  arranged  on  horizontal 
shafts  parallel  with  the  general  direction  of  the  current. 

Owing  to  the  comparatively  small  amount  of  energy 
available  in  the  form  of  velocity  in  a  given  stream-area,  a 
turbine  of  very  larj;e  diameter  is  necessary  in  order  to 
develop  a  small  amount  of  power,  and  obviously  the 
diameter  is  limited  by  the  depth  of  the  stream. 

In  order  to  get  over  this  difficulty  a  new  form  of 
hydraulic  motor,  belonging  to  the  turbine  class,  the  inven- 
tion of  Messrs.  Purdon  and  Walters,  has  recently  been 
brought  into  notice.  It  may  be  best  described  as  a 
turbine  in  which  the  vanes,  instead  of  being  attached  to  a 
wheel,  are  fixed  between  two  endless  pitch  chains.  The 
two  double  chain-wheels,  round  which  the  chains  pass,  and 
which  are  driven  by  the  latter,  are  supported  by  a  pontoon 
or  barge,  through  the  lower  part  of  which  a  channel  is 
formed  in  which  the  vanes  when  under  water  move.  In 
this  channel  are  fixed  guide-vanes,  which  impart  to  the 
water  flowing  between  them  the  desired  direction.  The 
barge   is  moored   across  stream,  so  that  the  water  flows 

rough  it  at  riglit  angles  to  the  motion  of  the  chain. 
i  moving  vanes  are  immersed  at  any  time,  the  axes 
fahain-wlieels  being  placed  no.-ir  the  water-level. 
Tijilfiry  to  be  driven  is  erected  on  the  barge  and 
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vertical  outflow.     The  mean  of  the  velocities  on  these  two 
assumptioQS  is  18'832  feet  per  Beconil, 


The  Purdos-Walters  Stream  Motor. 

For  utilizing  the  kiuetic  energy  of  a  flowing  stream, 
where  no  fall  is  available,  floating  water-wheels  of  the  old- 
fasliioned  type  arc  still  used  on  many  rivers  with  rapid 
currents.  Stream  turbines  are  also  occasionally  employed. 
The  latter  arc  in  all  essential  points  simitar  to  ordinary 
turbines,  but  must  of  course  be  arranged  on  horizoatnl 
shafts  parallel  with  the  general  direction  of  the  current. 

Owing  to  the  comparatively  small  amount  of  energy 
available  in  the  form  of  velocity  in  a  given  stream-area,  a 
turbine  of  very  larjje  diameter  is  necessary  in  order  to 
ilevelop  a  small  amount  of  power,  and  obviously  the 
diameter  is  limited  by  the  depth  of  the  stream. 

In  order  to  get  over  this  difficulty  a  new  form  of 
hydraulic  motor,  belonging  to  the  turbine  class,  the  inven- 
tion of  Messrs.  Purdon  and  Walters,  lias  recently  been 
brought  into  notice.  It  may  be  best  described  as  a 
turbine  in  winch  the  vanes,  instead  of  being  attached  to  a 
wheel,  are  fixed  between  two  endless  pitch  chains.  The 
two  double  chain-wheels,  roimd  which  the  chains  pass,  and 
which  are  driven  by  the  latter,  are  supported  by  a  pi>ntoon 
or  barge,  through  the  lower  part  of  which  a  channel  is 
formed  in  which  the  vanes  when  under  water  move.  In 
this  channel  are  fixed  guidc-vanos,  which  imjwirt  to  the 
water  flowing  between  them  tlie  desired  direction.  The 
barge  is  moored  across  stream,  so  that  tlio  water  flows 
througli  it  at  right  angles  to  the  motion  of  the  chain. 
Half  the  moving  vanes  are  immei-sed  at  any  time,  the  axes 
of  the  chain-wheels  being  placed  near  the  water-leveL 
The  machinery  to  be  driven  is  erected  on  the  barge  and 
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.ated  through  gearing  from  one  of  the  chain-wheels, 
'  namely  which  is  situated  on  the  co7icave  side  of  the 
king  vanes. 

lie  chains  are  supported  under  water  at  regular  distances 
'crtical  rollers,  and  guided  laterally  by  horizontal  rollers, 
ch  take  the  pressure  of  the  water  on  the  vanes  in  the 

of  the  stream.  The  construction  will  be  easily  under- 
►d  from  the  accompanying  illustrations  (Figs.  163 — 166). 
*he  first  motor  designed  by  Messrs.  Purdon  and 
Iters  was  constructed  with  plane  floats  (instead  of 
i^ed  vanes)  and  without  guide-vanes,  and   the  barge 

placed  so  that  the  floats  moved  at  an  angle  of  60''  to 

direction  of  the  current.  Trials  carried  out  by  Pro- 
or  Unwin,  with  an  experimental  motor  thus  constructed, 
wed  an  actual  efficiency — as  measured  by  a  brake — of 
ut  11  per  cent,  with  a  current  velocity  of  about  4*24  ft. 

second.  The  theoretical  hydraulic  efficiency  of  such  a 
tor  would,  according  to  Professor  Unwin,  be  32  per 
t.,  and  it  is  certain  that  a  largo  proportion  of  the  loss, 
resented  by  the  difference  between  32  and  11  per  cent, 
1  due  to  mechanical  friction. 

Lt  Professor  Unwinds  suggestion  the  motor  was  re- 
igned and  constructed  in  its  present  form.  Preliminary 
Is  carried  out  at  Cliepstow  by  Professor  Unwin  are 
I  to  have  proved  that  the  motor  in  its  present  shape 

work  with  an  efficiency  of  25  per  cent.'at  low  velocities. 
!s  is,  for  a  stream  motor,  a  very  satisfactory  result.  It  is 
icipated,  that  by  modifying  in  some  particulars  the 
n  of  the  vanes  a  still  better  efficiency  can  be  obtained, 
jh  a  motor  is  of  course  not  intended  to  compete  with 
inary  turbines,  but  would  be  applicable  in  very  many 
38  in  which  the  employment  of  the  latter  would  be  out 
»he  question.  It  is  expected  that  the  motor  may  prove 
ful  in  tide- ways  as  well  as  in  rivers  having  rapid  currents, 
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and  it  is  suggested  that  it  could  be  advantageously  employed 
in  connection  with  the  pontoons  of  floating  bridges. 

The  leading  idea  in  the  design  of  the  motor  is  to  obtain 
a  large  sectional  area  of  the  stream  entering  the  motor  in 
as  convenient  a  manner  as  possible. 

For  a  stream  motor  there  is  of  course  no  fall,  and  the 
available  energy  is  only  that  due  to  the  velocity  of  the 
current.  It  seems  however  probable  that  the  machine, 
moored  across  the  stream,  would  act  to  some  extent  as  a 
dam,  and  cause  a  slight  head  to  be  formed  on  the  up- 
stream side  of  the  guide  passages,  so  that  in  effect  the 
motor  would  work  under  a  fall.  This  fall  would  be 
influenced  by  the  shape  of  the  vanes  and  buckets  them- 
selves, but  in  every  case  the  available  energy  remains  tho 
same,  and  the  maximum  possible  head  could  only  be  that 
equivalent  to  the  velocity  of  the  current. 

The  theory  of  the  motor  is  essentially  that  of  a  turbine, 
but,  in  the  absence  of  experimental  data,  the  uncertainty 
as  to  the  pressure  conditions  obtaining  at  the  inflow  and 
outflow  render  accurate  calculations  in  advance  impossible. 

The  following  table  gives  the  equivalent  head  and 
total  energy  per  square  foot  of  sectional  area  of  a  stream 
for  velocities  of  from  1  to  6  miles  per  hour — 


Velocity  of  Stream,    i     Equivalent  Head. 


Total  Energy. 


o 

3 
4 
5 
6 


Miles  ixjr  |  Feet  per   ,  Feet  and    Inches  aud     H.  P.  ]>er  Squarc  Foot 
Hour.      ,    Second.    ;  Decimals.  ,  Decimals.  Sectional  Area. 


1-467 

2-933 

4-4 

5-867 

7-333 

8-8 


I  -033 

i  -134 

I  -300 

,  -534 

I  -834 

i  1-200 


•43 

1-62 

3-60 

6-42 

10-07 

14-39 


•0055 
•0445 
•15 
•355 
•694 
1-2 
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Founieyron  Txcrhine  at  SL  Blaise. 

As  an  instance  of  an  outward-flow  turbine  of  exceptional 
proportions  and  for  unusual  conditions,  one  of  the  first 
wheels  constructed  by  Fourneyron,  and  erected  at  St. 
Blaise  in  the  Black  Forest,  deserves  notice. 

The  turbine  in  question  was  driven  by  a  fall  of  354 
feet  at  a  speed  of  no  less  than  2300  revolutions  a  minute, 
and  developed  30  eflfective  horse-power.  The  outer 
diameter  of  the  wheel  was  12*99  inches,  the  inner 
diameter  7*47  inches. 

Two  larger  turbines  for  the  same  fall  were  afterwards 
designed  by  Fourneyron,  each  with  an  outer  diameter  of 
21*66  inches,  to  run  at  2300  revolutions  per  minute  and 
develop  60  horse-power.  As  might  be  expected  at  the 
enormous  speed,  the  bearings  had  to  be  renewed  every 
ten  to  fourteen  days. 

These  early  Fourneyron  turbines  discharged  above 
water  and  were  in  reality  impulse  wheels.  They  were 
subsequently  replaced  by  tangent  wheels,  and  at  a  still 
later  date  by  Girard  turbines. 

The  Best  Speed  of  Turbines  as  proved  by  Expen- 

nient. 

The  Table  A,  in  which  the  experimental  best  speeds 
of  various  turbines  are  compared  with  the  results  of  cal- 
culation, shows  that  there  is  not  in  some  of  the  cases 
analyzed  a  very  close  agreement  between  theory  and 
practice  but  that  in  all  of  them  the  best  speed  as  calcu- 
lated does  not  deviate  from  the  true  best  speed  to  a 
sufficient  extent  to  cause  any  important  difference  in  the 
efficiency — at   the   worst    about   2    per    cent. — it    being 
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fortunately  a  peculiarity  of  turbines,  that  in  the  neigh- 
bourhood of  the  most  favourable  velocity  of  rotation  the 
efficiency  does  not  alter  very  rapidly  with  the  speed. 
The  discrepancies  between  theory  and  practice  are  due 
to  several  causes  which  have  already  been  incidentally 
mentioned,  but  call  for  further  consideration  in  some 
respects. 

In  the  first  place,  the  assumption  that  the  best  speed 
is  that  at  which  the  water  enters  with  least  resistance 
and  leaves  with  the  smallest  possible  residual  velocity,  is 
not  strictly  correct,  since  the  velocity  of  flow  varies  with 
the  speed,  and  consequently  the  losses  from  friction, 
bends,  abrupt  changes  of  section,  &c.,  also  vary  and  do 
not  attain  their  minimum  value  simultaneously  with  the 
minimum  values  of  the  losses  by  shock  and  unutilized 
energy.  In  the  second  place,  many  of  the  turbines  in 
question  are  not  designed  so  that  inflow  ^Yithout  shock 
and  vertical  outflow  can  take  place  simultaneously.  In 
the  third  place,  the  as»itvicd  conditions  under  which 
inflow  without  shock  occurs  are  not  always  those  which 
really  correspond  to  inflow  with  least  resistance.  The 
last  of  these  causes  tending  to  produce  discrepancies 
between  theory  and  practice,  is  probably  the  most  im- 
portant. Professor  Albert  Fliegner  of  Zurich  carried  out 
about  1879  a  number  of  experiments^  to  ascertain  to 
what  extent  the  direction  of  inflow  with  least  rcsis(a7iC4} 
deviates  from  that  theoretically  requisite  for  inflow  with- 
out shock.  These  experiments  were  made  with  stationary 
guide  passages  and  buckets  so  arranged  that  the  direction 
of  the  streams  entering  the  buckets  could  be  varied 
relatively  to  the  latter. 

The  streams  issued  from  mouthpieces  shaped  like  the 

^  Zcitschrift  diH  Vereins  UciiUcfwr  Ingenuurey  1879,  vol.  xxiii., 
p.  459. 
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guide  passages  of  turbines,  and  entered  channels  made 
to  resemble  as  nearly  as  possible  the  buckets  of  turbines- 
The  experiments  were  made  with  nine  diflferent  forms  of 
channel,  and  for  each  of  these  ten  mouthpieces  were  tried, 
each  inclined  at  various  angles  to  the  channel,  which  may 
for  convenience  be  termed  the  turhinc  bucket. 

In  carrying  out  the  experiments  the  pressure  i  imme- 
diately above  the  orifice  of  the  mouthpiece  was  measured 
by  a  pressure  gauge  and  the  quantity  of  water  flowing  out 
observed ;  the  area  of  the  orifice  being  known,  the  velocity 
of  flow  Cr  could  be  calculated,  and  denoting  by  h,,  the 
lieight  of  the  orifice  above  the  tail-water  level,  or  the 
depth  of  immersion  (as  the  case  might  be),  the  available 
head  h  of  the  water  leaving  the  mouthpiece  would  be 

expressed  by 

•I 

The  wliolc  of  the  energy  represented  by  this  was  ex- 
pended in  producing  the  velocity  of  outflow  c.^  from  the 
turbine  bucket  and  in  overcoming  the  resistances  of  the 
latter,  including  shock,  so  that 

c  '^  r  '^ 


2^  +  f  +  '^o  =  (1  +  0  9^' 


where  Cis  an  experimental  co-efficient  of  resistance  or  loss. 
Since  c.  could  be  determined  from  the  observed  quantity 
of  water  and  the  known  outflow  area  of  the  bucket,  the 
only  unknown  quantity  in  the  above  equation  was  C  and 
this  could  be  calculated  in  every  case.  Over  1000 
experiments  were  made,  from  the  results  of  which  the 
values  of  C  were  calculated.  Each  different  bucket  was 
tried  with  several  heads  of  water  ranging  from  3*28  to 
98*4  feet,  and  the  values  of  C  plotted  as  ordinates  with  the 
heads  as  abscissae. 
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Professor  Fliegner  found  that  the  co-efficieut  ^diminished 
as  the  head  h  increased,  and  that  for  any  given  head  its 
minimum  value  did  not  occur  for  inflow  without  shock,  but 
when  the  mouthpiece  was  placed  at  an  angle  a^  diflfering 
from  the  vane  angle  a^  of  the  turbine  bucket. 

In  the  following  table  the  corresponding  values  of  a^, 
a^,  and  a^  as  found  by  Fliegner  are  given  : — 


a, 


a 


o 


I. 

75" 

30° 

21° 

II. 

60° 

30° 

10° 

III. 

75° 

0° 

1.5° 

IV. 

60" 

0° 

12° 

V. 

75° 

-30° 

8i 

VI. 

75'- 

-30° 

-   5 

VII. 

75^ 

-30' 

-10 

VIII. 

75° 

-60^ 

-  4° 

IX. 

65- 

-45° 

-17° 

In  the  case  of  buckets  Nos.  VI.  and  VII.  the  width 
was  greater  at  the  putlet  than  at  the  inlet,  the  form  being 
otherwise  the  same  as  that  of  No.  V. 

In  their  gcKconl  tendency  these  results  agree  with  those 
recorded  in  Table  A  (which  relate  to  actual  turbines). 
From  that  table  it  will  be  seen  that  for  nearly  all  the 
turbines  with  a  posiUve  angle  a^  the  best  velocity  of 
rotation  is  less  than  that  corresponding  to  inflow  without 
shock,  and  consequently  the  best  relative  angle  of  inflow 
a^  smaller  than  the  vane  angle  a^.  For  turbines  w^ith  a 
negative  value  of  a^  the  best  speed  is  greater  than  indi- 
cated by  theory,  and  consequently  the  angle  a^ — in 
absolute  value  apart  from  its  sign,  positive  or  negative — 
under  these  circumstances  also  less  than  a|. 

For  Jonval  wheels  of  ordinary  proportions,  as  con- 
Biructed  in  Europe,  with  o^  =  O*'  and  o^  from  64""  to  75", 
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Jbieoretical   beat   speed   agrees   very    well    wi 
xient  for  practical  purposes.     For  radial  aud  mixa 

wheels  the  deviationa  are  somewhat  more  consid^ 
,  but  this  is  in  jxtrt  duo  to  the  fact  that  tbey  have  not 
.  designed  accurately  for  simultaneous  inflow  without 
k  and  ratlial  or  vertical  outriow. 

further  explanation  of  disagreements  between  calcu- 
t  and  practical  results  is  in  some  cases  due  to  the 
rtaiiity  as  to  the  real  value  of  the  outflow  areas  A 

Af  used  ill  calculating  the  velocities  of  How;  tbis 
rtainty  arises  from  ignorance  of  the  true  allowance  to 
nade  for  contraction  and  of  that  required  for  the 
ruction  of  the  guide  passages  by  the  wbeel-vaiies,  and 
lionally  also  is  aggravated  by  causes  already  explained 
xialyziug  the  performance  of  particular  wheels,  in 
li  there  is  n  considerable  space  between  the  guide- 
■■a  and  buckets,  so  that  the  absolute  angle  of  outflow 
>m  the  former  is  indefinite.  In  radial  wheels,  too,  as 
L<]y  pointed  out,  there  may  be  some  doubt  as  to  the 
er  way  of  estimating  the  measured  area  of  outflow  Ai. 

iegner's  investigations  show  that  the  loss  by  shock  is 
80  great  as  it  should  be  according  to  Camot's  theory, 
:h  was  explained  in  connection  with  the  losses  in 
bion  turbines,  and  this  fact  causes  a  turbine  to  be  in 
tice  less  sensitive  to  deviations  from  the  best  speed 
1  theory  indicates. 

or  turbines  which  have  not  been  designed  for  umal- 
ous  inflow  without  shuck  and  vertical  or  radial  outflow, 
mean  of  the  speeds  corresponding  to  these  two  aasnmp- 
3  is  generally  a  sufficiently  good  approximation  to  the 
.speed  for  practical  purposes.     It  is  not  difficult  to  see 

the  method  of  calculation  miglit  be  modifled  to  agree 
I  the  data  furuistied  by  Flieguer*!!  experiments.  If, 
nstaucc,  the  relative  vane  angle  uf  inflow  were  a^  »  0^ 


I 
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jand  the  relative  vane  angle  of  outflow  a.^  =  60"" ;  instead 
of  introducing  the  velocity  of  rotation  corresponding 
to  inflow  without  shock  for  Oj  =  0°,  the  relative  angle  of 
inflow  should  be  taken  as  a^  =  12°,  for  which  the  resist- 
ance is  a  minimum,  and  the  speed  determined  accordingly ; 
a^  simply  takes  the  place  of  a^  in  the  calculations.  More 
experiments  are  required  before  this  method  can  be 
generally  adopted,  as  the  data  are  insufficient ;  as  far  as 
they  go  Fliegner  finds  that  the  results  may  be  expressed  by 
the  empirical  formula, 

Qi  +  <^i       «..  ^i  -  ^1 
a,  =  — ^-  -  30  — ^. 

For  most  of  the  radial  or  mixed-flow  turbines  referred 
to  in  Table  A,  the  best  speed  agrees  more  closely  with 
that  for  radial  or  vertical  outflow  than  with  that  for  inflow 
without  shock,  even  when  allowance  is  made  for  the 
difierence  between  aj  and  a^,.  This  must  occur  when  the 
increased  loss  by  unutilized  energy  due  to  a  given  devia- 
tion from  the  best  speed  in  one  sense  is  greater  than  the 
loss  from  shock  resulting  from  an  equal  deviation  in  the 
opposite  sense.  To  take  an  extreme  example,  suppose  the 
velocity  of  rotation  for  vertical  outflow  to  be  20  feet  per 
second,  while  that  corresponding  to  inflow  with  least  resist- 
ance is  16  feet.  If  over  16  and  up  to  20  feet  the  loss 
from  shock  is  inappreciable,  then  it  is  clear  the  best  velocity 
will  be  nearer  20  than  16. 

In  the  following  short  table,  for  more  convenient 
reference,  the  corresponding  experimental  and  calculated 
velocities  of  rotation  are  given  for  all  the  turbines  men* 
tioned  in  Table  A,  with  the  exception  of  Rittinger's. 
The  calculated  velocity  is  in  every  case  except  one  the 
mean  of  the  velocities  for  inflow  without  shock  and  vertical 
or  radial  outflow. 
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With  impulse  turbines  fewer  experiments  extending 
over  a  considerable  range  of  speed  have  been  made  than 
with  reaction  wheels,  but  there  is  no  doubt  that  practice 
and  theory  are  in  substantial  agreement  in  their  case, 
which  is  in  some  respects  simpler  than  that  of  reaction 
turbines,  there  being  less  uncertainty  as  to  the  true  values 
of  the  dimensions  and  quantities  on  which  the  velocities 
of  flow  and  rotation  depend. 


Dnscription  of  turbine. 


Haencl's  Turbine.  Parallel-flow,  buckets 
widene<l  towards  outflow 

Olching  Turbine.     Parallel-flow .... 

"  CoUins  "  Turbine.     Parallel-flow  .     .     . 

Tremont  Turbine.     Radial  outward-flow . 

'  *  Boyden  "  Turbine.    Radial  outward-flow 

Boott  Turbine.     Radial  inward-flow    .     . 

* '  Hercules  "  Turbine.     Mixetl  inward-flow 

"  Swain  "  Turbine.     Mixed  inward-flow  . 

"Humphrey"  Turbine.  Mixed  inward- 
flow     


Experimental 

Calculfttcd 

velocity. 

velocity. 

10-515 

9-906 

16-863 

17-422 

20-960 

22-337 

18-051 

18-102 

20-392 

20-967 

18-668 

22-102 

22-088 

21  -637 

21  -708 

18-832 

20-113 

*17-533 

Velocity  for  inflow  without  shock. 
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AMERICAN  TURBINES. 
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(General  remarks. — Distinctive  features  of  American  practice. — 
Holyoke  tests :  probable  accuracy,  agreement  of  Francis's  and 
Braschmann's  formulas. — Comparative  analysis  of  mixed-flow  and 
axial  turbines  :  balance  of  advantages. — Desirability  of  Comparative 
tests  by  same  methods  and  under  similar  conditions. — "  Humphrey  " 
and  "  Hercules  "  turbines  :  free  deviation  not  possible  ;  evidence  of 
reaction. — Explanation  of  performance  from  construction. — Dimen- 
sions of  American  turbines. — Peculiarities  in  angles  and  form  of 
buckets,  &c. —  Diameters. —  Number  of  vanes. —  Comparison  (nu- 
merical) of  a  mixed-flow  with  a  parallel-flow  turbine. — Object  of 
investigation. — Dimensions  assumed. — Velocity  of  flow. — Velocities 
of  rotation. — Residual  velocities  at  various  points. — Loss  from 
unutilized  energy. — Mean  residual  velocity. — Conclusions! — Result 
of  modified  assumptions  regarding  outflow. — Estimation  of  efficiency 
of  mixed-flow  wheels. — Calculations  for  "Hercules"  turbine  and 
comparison  with  result  of  trials. — Calculation  for  Jonval  turbine. 
— Explanation  of  superior  efficiency  of  "Hercules"  wheel  at  part 
gate. — Probable  values  of  co-efficients  of  resistance. 

American  turbines  have  already  been  incidentally  referred 
to  in  the  course  of  this  work,  and  as  in  general  their 
construction  differs  considerably  from  that  usually  adopted 
in  Europe,  and  energetic  measures  are  taken  to  introduce 
them  on  this  side  of  the  Atlantic  by  claiming  in  many 
cases  extraordinary  efficiency,  some  more  detailed  con- 
sideration of  their  peculiarities,  in  so  far  as  information  on 
the  subject  is  available,  is  desirable. 
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American  turbines  are  with  few  exceptions  of  the  mixed- 
flow  type,  the  direction  of  flow  being  generally  inward  and 
downward.  Formerly  outward-flow  Fourneyron  turbines 
appear  to  have  been  made,  and  many  are  still  in  use  in 
the  United  States.  Francis  introduced  the  radial  inward- 
flow  wheel  (invented,  it  is  believed,  by  Professor  J.  Thom- 
son), and  this  by  an  easy  transition  led  to  the  mixed 
inward-  and  downward-flow  turbine,  of  which  the  Lefffel 
turbine  seems  to  have  been  one  of  the  first  used  in 
America. 

As  compared  with  European  practice  the  following  are 
the  leading  characteristics  of  American  turbines :  smaller 
diameter  and  greater  number  of  revolutions  for  a  given 
fall  and  power,  greater  relative  width  of  buckets  both  at 
the  inflow  and  outflow,  smaller  number  of  guide-  and 
wheel-vanes,  and  regulation  by  means  of  pivoted  guide- 
vanes  or  circular  sluice  between  guide  passages  and  wheel. 

The  majority,  if  not  all  American  turbines,  belong  to 
the  reaction  system,  and  work  drowned.  There  appears 
to  be  an  idea  on  the  part  of  some  American  makers  of 
allowing  the  water  to  follow  its  own  course,  especially  in 
leaving  the  wheel,  thus  permitting  free  deviation  under 
water;  as  will  be  subsequently  shown,  however,  in  the 
case  of  two  wheels  in  which  this  is  supposed  to  occur,  no 
such  thing  as  free  deviation  in  the  ordinary  sense  of  the 
term  takes  place,  the  phenomena  observed  being  those 
incidental  to  reaction  turbines. 

In  some  American  wheels  the  water  leaves,  not  only  in 
a  downward  (axial),  but  also  partly  in  a  radial  outward 
direction,  some  of  it  being  deflected  through  an  angle 
approaching  180°  in  a  path  at  right  angles  to  that  in 
which  the  driving  force  has  to  be  exerted.  In  other 
wheels,  again,  the  deflection  of  the  fluid  on  its  passage 
through   the  buckets  is  very  abrupt,  and  it  would  seem 
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as  if  the  designers  of  such  motors  had  aimed  at  giving  th 
water  the  most  tortuous  course  possible,  with  what  objec 
it  is  difficult  to  imagine. 

Probably  more  trials  of  turbines  have  been  made  ii 
America  than  in  all  the  rest  of  the  world  put  togethei 
and  of  these  a  large  number  have  been  carried  out  a 
the  celebrated  testing  "  flume "  at  Holyoke,  described  ii 
another  place  (p.  391). 

There  can  be  little  doubt  of  the  relative  accuracy  of  th< 
Holyoke  tests,  which  bear  all  the  evidence  of  carefu 
observation,  and-^it  may  be  noted  in  passing — it  wouh 
not  be  in  the  interests  of  the  Holyoke  Water-power  Com^ 
pany  to  credit  the  motors  of  their  customers,  who  pay  fo 
the  water  consumed  by  their  turbines,  witli  a  greate 
efficiency  than  that  actually  obtained. 

It  is,  however,  noticeable  that  the  recorded  efficiencie 
of  turbines  tested  in  America  are  all  remarkably  high  a 
compared  with  the  results  obtained  in  Europe,  and  thi: 
has  not  unnaturally  given  rise  to  the  surmise  that  th< 
method  of  computing  the  quantity  of  water  consumed  is 
answerable  to  some  extent  for  this,  and  that  the  co 
efficients  employed  in  the  calculations,  necessary  when  i 
weir  is  used  for  measurement,  are  too  small.  The  formuh 
applied  at  Holyoke  is  that  of  Francis,  and  the  resulti 
given  by  it  agree  very  well  with  those  obtained  with,  foi 
instance,  Braschmann's  formula,  which  is  very  generallj 
used  in  Germany,  so  that  there  appears  to  be  little  pro- 
bability of  errors  arising  from  this  cause.  On  the  othei 
hand,  it  should  be  noted  that  in  the  best  reliable  trials 
made  in  Europe  with  Jonval  turbines,  the  quantity  oi 
water  consumed  was  measured  by  current-meters  and  not 
over  weirs,  so  that  the  details  are  not  directly  comparable 
with  those  of  American  experiments. 

American  practice  in  the  construction  of  turbines  has 
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been  rather  savagely  attacked  by  a  late  well-known 
continental  writer  on  the  subject,  and  it  will  be  well  to 
compare,  carefully  and  dispassionately,  the  merits  and 
faults  of  a  wheel  of  the  American  type  with  those  of  the 
Jonval  turbine  generally  accepted  in  Europe. 

(1)  In  an  inward-  and  downward-flow  wheel  the  inflow 
of  the  water  takes  place  without  shock  over  the  whole  width 
of  the  buckets,  while  in  a  Jonval  turbine  this  can  only 
happen  at  one  diameter,  and  consequently  there  is  a  loss 
from  shock  in  the  latter  which  is  absent  in  the  American 
type  of  motor. 

(2)  Owing  to  the  relatively  great  width,  in  proportion 
to  the  diameter,  of  the  buckets  of  American  mixed-flow 
turbines  at  the  outflow,  the  deviations  fro^n  the  best  speed-^ 
the  speed  corresponding  to  vertical  outflow — are  greater 
than  in  a  Jonval  wheel  of  the  usual  proportions,  and  it 
has  been  inferred  from  this  that  the  loss  from  unutilized 
energy  must  therefore  also  be  greater ;  this,  however,  it 
will  be  shown,  is  not  necessarily  the  case,  the  disadvan- 
tages arising  from  this  cause  being  compensated  by  the 
superior  eflSciency  due  to  inward-flow  turbines,  as  pre- 
viously explained  in  comparing  the  different  types  of 
wheel  (p.  192). 

Under  similar  conditions,  for  very  narrow  buckets  the 
residual  velocity  of  the  water  from  an  inward-  and  down- 
ward-flow wheel  is  less  than  from  a  parallel-flow  wheel. 
As  the  width  (of  the  outflow)  is  increased  the  average 
residual  velocity  becomes  greater,  but  there  is  in  many 
cases  a  sufficient  margin  between  the  values  for  the 
mixed-flow  and  for  the  parallel-flow  turbines  to  compensate 
for  a  very  considerable  excess  of  width  of  the  former  over 
the  latter  at  the  outflow.  This  will  be  illustrated  sub- 
sequently by  a  numerical  example. 

(3)  It  has  been  objected  to  the  mixed-flow  turbine  that 

H  H 


466  HYDRAULIC  MOTORS. 

the  water  on  entering  the  guides  and  passing  through  the 
buckets  is  twice  uselessly  deflected,  whereby  a  certain  loss 
is  incurred.  This  is  no  doubt  true,  but  there  is  reason  to 
believe  that  this  loss  is  unimportant  in  a  well-designed 
wheel,  although  that  portion  of  it  due  to  downward 
deflection  in  the  buckets  themselves  may  be  very  ap- 
preciable where  the  curvature  is  abrupt,  as  in  some 
American  designs. 

(4)  As  the  course  of  the  water  while  acting  upon  the 
vanes  is  partly  radial,  the  downward  pressure  on  the 
bearings  is  less  in  mixed-  than  in  parallel-flow  wheels, 
and  is  still  further  reduced  by  the  lighter  weight  of  the 
former,  arising  from  their  smaller  diameter  as  generally 
made. 

...  .    ^  .  , 

(5)  lor  a  given  area-ratio    ^i,  the  velocity  of  now  both  in 

guide  passages  and  buckets  is  lower  in  a  radial  or  mixed- 
flow  turbine  than  in  an  axial  turbine,  consequently  the  loss 
from  hydraulic  friction,  &c.,  is  also  less,  assuming  the  same 
experimental  co-efficients  to  be  applicable  in  both  cases. 
This  advantage  may,  however,  be  partly  neutralized  by  the 
additional  resistance  due  to  sharp  bends  in  a  mixed-flow 
wheel. 

This  point  will  be  more  fully  dealt  with  in  the  sequel 
by  means  of  a  numerical  example. 

Provided,  therefore,  it  can  be  proved  that  the  loss  from 
residual  velocity  under  given  conditions  is  no  greater  in 
mixed-flow  turbines,  as  proportioned  in  America,  than  in 
Jonval  turbines,  it  is  evident  that  the  former  have 
distinct  theoretical  advantages  over  the  latter — first,  in 
the  absence  of  shock;  secondly,  in  the  diminution  of 
friction  due  to  less  downward  pressure. 

In  addition  to  these  are  the  practical  advantages  of 
smaller  diameter  and  consequent  reduced  cost. 
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It  has  been  already  noticed  that  the  number  of  vanes 
in  American  wheels  is  generally  less  than  in  European 
turbines  of  the  same  diameter;  provided  the  streams  of 
water  are  sufficiently  guided,  this  is  an  advantage,  as  it 
tends  to  reduce  the  friction.  Whether  the  guidance 
afforded  by  the  vanes  is  sufficient  or  not,  depends  mainly 
on  the  proportion  between  the  length  and  depth  of  the 
passages ;  the  passage  in  mixed-flow  wheels  is  necessarily 
longer  than  in  Jonval  turbines,  and  hence  the  depth  and 
pitch  may  safely  be  greater. 

As  the  diameter  of  the  shaft  and  bearings  is  inversely 
proportional  to  the  cube  root  (according  to  some  rules, 
the  fourth  root)  of  the  speed  for  a  given  power,  the 
work  absorbed  by  friction  with  a  certain  pressure  on  the 
bearings  is  relatively  greater  as  the  diameter  of  the  wheel 
is  reduced.  Thus  the  advantage  due  to  the  smaller 
pressure  on  the  bearings  of  mixed-flow  turbines  is  partially 
neutralized. 

It  will  be  seen  on  reference  to  the  results  of  Mr.  Bcrn- 
hard-Lehmann's  experiments  on  the  shaft  friction  of 
various  types  of  turbine,  that  while  for  inward-flow  wheels 
this  friction  ranges  from  0*9  to  1*7  per  cent,  only,  for  axial 
wheels  the  range  is  from  1'4  to  3*4  per  cent,  at  full  gate, 
and  may  be  as  high  as  5*4  per  cent,  at  half  gate.  At  full 
gate  therefore  shaft  friction  alone  may  easily  account  for 
2  per  cent,  efficiency. 

Taking  83  per  cent,  efficiency  as  the  best  record  of  a 
Jonval  turbine — somewhat  higher  efficiencies  than  this 
have  been  occasionally  observed — an  inward-flow  wheel  of 
the  same  hydraulic  cJjUciciicy  might  thus  show  an  actual 
efficiency  of  85  per  cent.  From  the  causes  already 
enumerated,  however,  the  hydraulic  efficiency  may  also 
be  greater,  so  that  an  efficiency  of  87  per  cent,  is  by  no 
means  impossible. 
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Making  every  allowance  for  the  merits  of  American 
hydraulic  motors,  the  average  results  obtained  at  Hdlyoke 
still  appear  somewhat  high  as  contrasted  with  trials  made 
in  Europe,  and  it  would  be  satisfactory  if  some  of  the 
wheels  reported  to  have  given  such  admirable  results  at 
Holyoke  could  be  compared  under  precisely  the  same 
conditions  with  Jonval  turbines  of  the  best  European 
construction. 

Apart  from  this,  there  is  no  doubt  that  cU  least  as  high 
eflSciencies  can  be  obtained  with  inward-  and  downward- 
flow  wheels  as  with  those  having  parallel-flow,  while  at 
the  same  time  securing  the  practical  advantages  of  greater 
lightness  and  lower  cost. 

The  vanes  of  American  wheels  are  generally  thinner 
than  those  of  European  wheels,  and  at  the  ends  are 
tapered  almost  to  a  knife-edge ;  frequently,  also,  they  are 
constructed  of  brass  or  gun-metal. 

Among  the  accounts  of  experiments  with  turbines  will 
be  found  the  results  of  trials  with  a  "  Humphrey  "  and 
a  "  Hercules"  turbine,  both  of  American  design.  In  each 
of  these  there  is  reason  to  believe  the  water  is  intended, 
on  leaving  the  wheel,  to  choose  to  some  extent  its  own 
course,  that  is  to  say,  to  act  with  free  deviation.  On 
referring  to  the  experimental  value  of  Ki,  it  will  be  found 
that  this  is,  for  the  "  Humphrey  "  turbine,  0*621,  and  for 
the  "Hercules"  turbine,  0'G25.  These  figures  point  to 
one  of  two  conclusions :  either  the  wheels  work  with 
so-called  "  reaction,"  or  the  efficiency  must  be  exceedingly 
low,  as  the  velocity  of  flow  c  could  only  be  reduced,  in  a 
wheel  with  free  deviation,  to  the  stated  proportion  of  the 
theoretical  velocity  by  an  excessive  amount  of  useless 
resistance. 

The  results  of  the  trials  show  that  the  latter  is  not 
the  case,  since  the  efficiencies  in  both  instances  are  very 
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good  ;  it  is  consequently  clear  that  the  motors  are  reaction 
turbines. 

In  the  "Humphrey"  wheel  the  vanes  project  below 
the  revolving  wheel-casing,  and  on  the  outside  are  prac- 
tically unconfined,  being  connected  merely  by  a  narrow 
ring. 

The  stationary  outer  casing,  however,  entirely  encloses 
the  buckets,  but  there  is  a  considerable  space  between  the 
outer  edges  of  the  vanes  and  the  interior  surface  of  the 
stationary  casing.  It  might  naturally  be  supposed  that 
this  free  space  would  interfere  with  the  proper  action  of 
the  water,  which  would  escape  outwards  without  doing 
work.  The  experiments  prove  that  this  does  not  happen 
to  any  great  extent,  and  the  explanation  is,  probably,  that 
the  watei'  itself,  between  the  outside  of  the  wheel  and  the 
inside  of  the  casing,  acts  as  a  wall,  nearly  stationary  eddies 
being  formed,  which  resist  the  outward  pressure  of  the 
fluid  in  the  wheel. 

If  free  deviation  really  took  place,  the  value  of  the  co- 
efficient Ki  =  0621  would  indicate  that  the  water  on 
leaving  the  guide  passages  had  already  lod  about  69  per 
ce7U,  of  its  energy;  with  reaction  the  greater  portion  of 
this  is  still  available  as  ^^cssi^re  to  be  converted  into 
velocity  during  the  passage  of  the  fluid  through  the  wheel- 
buckets. 


Dime/asions  of  American  Ticrbines. 

The  angles  of  the  vanes  of  American  wheels  have  much 
the  same  range  as  in  European  practice;  in  many  cases 
there  is  a  tendency  to  make  the  angle  a^  as  great  as 
possible,  with  a  view  to  reducing  the  residual  velocity 
of  the  water  leaving  the  buckets,  and  in  some  instances 


I 
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this  seems  to  be  carried  so  far,  that  the  relative  direction 
of  the  outflow! Dg  water  is  almost  at  right  angles  to  the 
axis  of  the  wheel.  This,  of  coui-se,  is  a  mistake,  as  the 
absolute  motion  left  in  the  fluid  is  not  sufficient  to  cany 
it  off*,  and  a  certain  amount  of  pressure  is  then  necessary 
for  the  purpose,  which  retards  the  flow  and  proportionately 
reduces  the  efficiency. 

In  many  mixed-flow  wheels  the  outflow  orifices  of  the 
buckets  do  not  lie  in  a  plane,  but  each  is  of  a  semi- 
annular  or  crescent  form,  the  edges  of  the  vanes  being 
curved.  The  vane-angle  a^  of  outflow  at  any  p)int  must 
under  such  circumstances  be  measured  in  a  plane  defined 
by  the  tangent  to  the  circumference  through  that  point 
and  the  tangent  to  the  vane-curve;  the  angle  a^  is  then 
the  angle  formed  by  the  latter,  with  a  direction  at  right 
angles  to  the  former. 

The  outer  radius  of  American  inward-  and  downward- 
flow  turbines  ranges  from 

ri  =  0-70s/^tol-ll   JA; 

from  which  it  will  be  seen  that  the  maximum  in  American 
design  is  about  the  same  as  the  minimum  in  European 
practice  for  the  mean  radius  of  Jonval  wheels — the  outer 

radius  being  of  course  still  greater,  and  at  least  1*25  J  A. 
For  a  given  area  of  the  passages,  their  width  in  American 
wheels  exceeds  that  in  Jonval  turbines  in  proportion  as 
the  diameter  is  less. 

As  regards  the  number  of  guide-vanes  and  buckets 
the  practice  varies  very  considerably,  but  generally 
speaking  these  are  fewer  in  number  in  American  than  in 
European  turbines;  the  tendency  in  the  former  seems 
to  be,  to  leave  the  water  more  at  liberty  to  follow  its 
own  course,  with  the  intention  of  thereby  reducing  the 
friction.     Tliis  probably  accounts  for  the  loss  from  sudden 
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bends  in  the  passages  not  being  so  great  as  might  be 
anticipated ;  in  the  sharp  corners  stationary  eddies  are 
formed,  over  which  the  flowing  water  passes  with  less 
resistance  and  loss  than  if  it  were  compelled  to  follow 
exactly  the  ciii-ve  of  the  vanes. 


Comparison  of  a  Mixed-flow  (inward  and  downward) 
with  a  Parallel-flow  Turbine. 

The  object  of  this  investigation  is  to  show  in  how  far 
— if  at  all — the  disadvantages  arising  from  great  relative 
width  of  the  buckets  in  an  inward-  and  downwai'd-flow 
turbine  may  be  compensated  by  the  more  eflfective  manner 
in  which  it  utilizes  the  energy  of  the  water  as  compared 
with  a  parallel-flow  turbine.  In  the  first  instance  the 
comparison  will  be  confined  entirely  to  the  losses  by 
unutilized  energy. 

As  an  example,  a  somewhat  extreme  case  will  be 
assumed,  in  which  the  mixed-flow  turbine  has  tho 
following  proportions : — 

Ratio  of  radius  where   water  enters  to 


greatest  outflow  radius        .         .         .         . 

Ratio  of  radius  where  water  enters   to 
mean  outflow  radius 

Ratio  of  radius  where  water  enters  to  least 
outflow  radius     ...... 

Ratio  of  width  at  outflow  to  mean  outflow 
radius  ....... 


i\     6 


7*2      o 


i\  __12 
r/'""  7' 

rji     1 
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The  angle  o^  is  (in  the  first  instauce)  taken  as  constant 
for  the  whole  width, 

in  consequence  of  this  the  distribution  of  the  water  is  not 
uniform  for  the  whole  width,  but  the  quantity  flowing 
through  a  given  portion  is  proportional  to  the  diameter. 

The  relative  loss  from  unutilized  energy  at  any  point 
— ^as  elsewhere  shown — is  not  represented  simply  by  the 
square  of  the  residual  velocity,  but  by  the  product  of  that 
square  and  the  corresponding  proportional  diameter.  The 
quantity  of  water  passing  through  at  the  mean  radius  r,* 
may  be  taken  as  unity,  and  from  the  curve  representing 
the  losses  at  all  points  the  average  hss  determined. 

The  angle  a  is  assumed 

a  =  69°; 
A 


the  ratio 


=  0-75. 


The  Jonval  turbine  with  which  the  mixed-flow  wheel 
is  to  be  compared  has  the  same  angles  a  and  ag  and  the 

same  ratio    t- 

For  calculating  the  velocity  of  flow,  the  efficiency  of  the 
turbines  may  be  taken  as  equal,  and  then  from  the  well- 
known  formula 


c 


/ € 

=  K,  J2r//t  =  \/  2'H^  sina  sin  a,, 

f,  _  Velocity  of  flow  of  parallel-flow  wheel 
"'  ""  Velocity  of  flow  of  mixed-flow  wheel 


v 


o.Vy    A    - 

2      -     -  sm  a  sin  a„ 

'2    -^2 

C.A     .         .  ' 

2  -      sin  a  sin  a^ 

A., 
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or  since  a,  a,  and  --  are  the  same  for  both  turbines, 

''^-=     /^,=  ^1-714  =  1-316. 

For  a  distribution  of  the  water  propoiiional  to  the 
diameters,  the  correct  average  value  for  -^  to  be  substituted 

in  the  formula  is  actually  the  ratio  of  the  outer  radius  r^ 
to  the  mean  outflow  radius  r^^,  as  above.  For  an  even 
didrUmtion  of  the  water,  however,  such  as  occure  with  a 

helical  vane  surface,  the  average  value  of  —  would  not  be 

r 
that  given,  but  the  mean  of  all  the  values  of  —  between 

the  greatest  and  least  outflow  radius;  this  can  be  found 

by  constructing  a  curve  representing  successive  values  of 

r 

-^  and  determining  the  mean  ordinate ;  the  average  ratio 

in  that  case  is  1'835. 

As  only  proportions  are  in  question,  it  may  for  con- 
venience be  assumed   that   the  velocity  of  flow  for  the 

mixed-flow  wheel 

Cm  =  10 ; 

then  the  relative  velocity  of  outflow  from  the  buckets 

Cm  =4  ^m  =  0-75  X  10  =  7-5. 

The  velocity  of  rotation  w^^  relative  angle  of  inflow  a^, 
and  residual  velocities,  at  the  various  diameters,  can  now 
be  determined  by  graphical  construction. 

In  Fig.  167,  let  0  D  =^r,,  0A  =  r/',  0B  =  o^^^  and 
0  0=  ^3,  to  any  scale,  so  that  the  proportions  be  those 
given.  Let  each  of  the  angles  0  Aa,  0  Bh  and  0  Cc  = 
a^  =  68''. 


^H^ 
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According  to  the  usual  principles. of  design  it  may  be 
assumed,  to  begin  with,  that  the  absolute  direction  of 
outflow  at  the  mean  radius  rg"*  is  pei'pendicular  to  the 
direction  of  rotation,  or,  for  exclusirely  downward  outflow, 
parallel  with  the  axis. 

A  ttf  B  b  and  Cc  are  each  equal  to  c^  =  7*5,  and  £a, 
perpendicular  to  A  E  the  momentary  direction  of  rotation 
of  A,  then  represents  the  absolute  velocity  of  outflow  u^ 
at  the  mean  radius  r^,  while  AE  \^  the  corresponding 
velocity  of  rotation.  0  E  prolonged  intei-sects  B  F,  C  G 
and  DH  in  jP,  0  and  H  {B  F,  CG  and  DH  being  at 
right  angles  to  0 D\  and  BF,  CG  and  I) H  are  the 
velocities  of  rotation  at  the  radii  r^,  r^  and  r^.  Fb  and 
CG  are  the  absolute  residual  velocities  w*  and  u  at  B 
and  C. 

By  measurement  it  will  be  found  that 

Ea  =  !(,„  =  2-875. 
Fh  =  w^  =  4125. 
Gc   =  u    =  4125. 

The  square  of  each  of  these  values  is  proportional  to 
the  loss  2^cr  unU  of  weight  from  unutilized  energy,  but,  to 
take  into  account  the  distribution,  must  be  multiplied 
with  the  corresponding  ratio  of  the  radius  at  the  point  in 
question  to  the  mean  radius  r./',  thus  : — 

Loss  from  unutilized  energy  at  A 

proportional  to  n„f  x   J^^  =f2'H76yx   1. 

Loss  from  unutilized  energy  at  B 
proportional  to  u^-  x    -^^^  =/'4-125\"X  0-57. 

Loss  from  unutilized  energy  at  C 
proportional  to  u-  x    ^^  =('4-125\^  X    1*43. 


AMERICAN  TUBBINES.  475 

These  values  can  easily  be  ascertained  for  any  desired 
number  of  points,  and  the  curve  X  Y  constructed.  The 
average  value  of  the  proportional  loss,  as  determined  from 
the  mean  ordinate  of  the  curve,  is 

TP^U  (nearly), 
whence  the  mean  residual  velocity 

Z7=:  Jn  =  3-32. 

The  relative  velocity  and  direction  of  inflow  is  found  as 
follows — 

The  angle  IDZ  is  made  equal  to  a  =  SO"*,  and  DI 
=  c*"  =  10 ;  DH  is  the  velocity  of  rotation  u\  at  the  outer 
circumference,  then  HI  =  c^  the  relative  velocity  of 
inflow,  and  angle  HIK  =  a^  =  37  J". 

With  regard  to  the  parallel-flow  turbine,  it  is  assumed 
that  the  proportion  of  the  width  of  the  buckets  to  the 
mean  diameter  is  so  small  that  practically  the  variations 
in  the  absolute  residual  velocity  u  at  different  points  are 
negligible,  and  the  latter  may  be  taken  as  constant  for 
the  whole  width.  This  assumption  is  extremely  favourable 
to  the  parallel-flow  wheel. 

The  ratio  of  the  velocity  of  flow  c^  in  the  parallel-flow 
turbine  to  that  c,„  in  the  mixed-flow  turbine  was  found  to 
be  1'316;  hence  c,,  =  10x1-316  =  1316,  and  the  relative 
velocity  of  outflow  c.^^  =  O'To  x  13-16  =  9-87. 

By  construction   the  residual  velocity  n  is   foimd    to 

he— 

u  =    3-75, 
whence  u^  =  14-06. 

Notwithstanding,  therefore,  the  relatively  great  width 
of  the  buckets  of  the  mixed-flow  wheel,  it  appears  that 
the  loss  by  unutilized  energy  is  less  than  in  the  Jonval 
turbine,  although  the  assumptions  in  this  respect  were  all 
in  favour  of  the  latter.  For  a  parallel-flow  wheel  of  the 
given  proportions  the  energy  represented  by  the  velocity 


47C 


HYDEAULia  MOTORS. 


of  flow  c  is  about  one-half  of  that  due  to  the  head — K 

having  a  value  of  about  0*7 ;  hence  the  total   availabi 

energy  is  proportional  to  2  x  (1316)^  =  346*4,  and  the  rati 

to  this  of  the  loss  by  unutilized  energy  is  for  the  parallel 

flow  turbine — 

14 
«  r^  \  =  0"04,  or  4  per  cent., 
346'4  ^ 

for  the  mixed'flow  turbine — 

}\.^  0  032,  or  3-2  per  cent. ; 

there  being  consequently  a  difference  iu  favour  of  the  lattei 
of  0*8  per  cent. 

In  addition  to  this  trifling  advantage,  and  apart  from 
those  before-mentioned,  the  mixed-flow  turbine  gains  in 
efficiency  from  another  source,  namely,  that  owing  to  the 
velocity  of  flow  being  less  in  it  than  in  the  parallel-flow 
turbine  working  with  the  same  head,  the  various  losses  by 
hydraulic  friction  and  other  resistances  are  reduced  propor- 
tionally to  the  square  of  the  velocity  of  flow. 

Taking  the  same  co-efficients  as  hitherto, 
for  ihv  imraUel-jiow  turhi7ie — 

the  loss  in  the  guide  passages 

=  i   0125  (1316)*'^  =  -'-^^' 


the  loss  in  the  wheel-buckets 

=  -}-  0-2  (9-87)'  = 
Total     .     . 


for  the  mixcd'flmo  turHne — 

the  loss  in  the  guide  passages 

1 


19-5 

411 
2^ 


2// 


0-125  (10)2  ^  ^- 


12  5 
27/ 
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the  loss  ia  the  wheel-buckets 

Total    .     .     23-75 

2^ 
The   diflference  in   favour  of  the  mixed-How  wheel   is 
therefore — 

411 -23-75  ^  17-35 

and   this   is   about   5  per    cent,    of    the    total  available 
energy. 

From  this  it  will  be  seen  that  there  is  theoretically  a 
balance  of  5*8  per  cent,  to  the  credit  of  the  mixed-flow 
turbine,  apart  altogether  from  any  advantages  arising  from 
absence  of  shock  and  reduced  friction  of  the  bearings; 
assuming  that  from  the  latter  causes  there  is  a  further 
gain  of  1  per  cent. — a  very  moderate  estimate — the  total 
advantage  would  be  6*8  per  cent.  Supposing  half  of  this 
to  be  neutralized  by  the  increased  loss  due  to  the  double 
deflection  of  the  water  previously  referred  to,  there  is  still 
a  nett  gain  of  3-4  per  cent,  as  compared  with  the  Jonval 
wheel. 

If,  instead  of  a  constant  valice  of  the  relative  angle  of 
outflow  Oj,  the  vane  surface  at  the  lower  end  be  helical, 
so  that  the  distribution  of  the  water  is  nearly  nnifiynn, 
the  loss  by  unutilized  energy  remains  almost  unchanged, 
supposing  the  velocity  of  flow  to  be  the  same.  The 
construction  and  curve  of  unutilized  energy  in  this  case 
are  shown  in  the  diagram  Fig.  167  by  the  broken  lines. 
The  average  loss  is  10*95,  corresponding  to  a  velocity  u  =» 
3-309. 

As  a  matter  of  fact,  for  even  distribution  of  the  water, 
the  velocity  of  flow  must  be  rather  less  than  with  a 
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constant  angle  a^  since  the  mean  ratio  —  to  be  used  in 


^2 


calculating  Ki  is  greater  under  the  former  conditions  in 
the  propoi*tion  of  1*835  to  1*714;  with  cvoi  disti-ilnttion, 
therefore,  the  advantage  of  the  mixed-flow  over  the 
parallel-flow  turbine  is  even  greater  than  that  calculated, 
and  the  assumption  of  equal  velocities  of  flow  in  both 
cases  errs  on  the  side  of  caution. 

Experiments  show  a  superiority  of  the  best  American 
mixed-flow  wheels  over  the  best  Jonval  turbines  of  about 
4  per  cent,  (in  one  case  2  per  cent,  only),  so  that  the 
estimate  above  made  agrees  very  well  with  facts. 

Under  otherwise  similar  conditions,  tJic  greater  the  ratio 
of  the  meter  to  tJte  average  inner  diameter,  tlie  higher  is  the 
efficiency  of  a  mixed-Jioio  turbine. 

The  theoretical  superiority  of  the  inward-flow  wheel 
was  pointed  out  in  comparing  the  different  systems  of 
reaction  turbines,  but  the  investigation  just  completed 
was  necessary  to  prove  that  this  superiority  is  not  neutral- 
ized by  the  great  relative  width  of  the  buckets  which 
characterizes  so  many  mixed-flow  wheels. 

If  the  mixed-flow  turbine  be  so  designed,  that  instead 
of  the  water  leaving  vertically  at  the  mean  radius  it  does 
so  at  the  obiter  radius  rg,  it  will  be  found  that,  with  the 
assumed  proportions,  the  effiect  on  the  loss  by  unutilized 
energy  is  comparatively  slight,  it  being  about  13  instead 
of  11,  and  the  speed  of  the  turbine  is  considerably  reduced, 
while  of  course  the  angle  a^  must  be  modified  to  insure 
inflow  without  shock.  A  reduction  of  the  speed  with  a 
very  slight  reduction  in  the  efficiency  is  in  itself  a  very 
desirable  result,  but  this  is  accompanied  by  an  increase  of 
tlie  velocity  of  flow  which  necessitates  a  smaller  area  (less 
width  with  the  same  diameter)  of  the  passages  and  buckets. 
The  increase  in  the  velocity  of  flow  is  explained  as  follows — 


I 
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The  usual  formula  for  determining  the  velocity  is  onl; 
strictly  accurate  on  the  assumption  that  the  water  leave 
the  turbine  at  right  angles  to  the  direction  of  rotatioi 
at  every  point.  This  condition  is  only  fulfilled  for  on 
diameter,  but  when  that  is  the  mean  diameter,  the  resul 
is  practically  correct,  as  the  deviations  on  either  sid< 
nearly  balance  each  other:  when,  on  the  other  hand 
outflow  at  right  angles  to  the  direction  of  rotation  occur 
at  the  outer  diameter,  it  is  clear  that  the  deviations  fron 
the  assumed  conditions  being  all  in  one  sense  must  resul 
in  the  average  velocity  of  flow  being  that  due  to  a  lowe 
speed  than  the  speed  of  the  outer  circumference.  Ii 
inward-flow  turbines  the  velocity  of  flow  increases  as  th( 
speed  decreases,  hence  it  will  be  greater  for  the  wheel  ii 
question  than  in  one  designed  for  vertical  outflow  at  tin 
mean  diameter. 

Increased  velocity  of  flow  is  accompanied  by  increasec 
losses  by  hydraulic  friction,  &c.,  and  results  in  a  furthe 
reduction  of  the  efficiency.  The  best  efiect  is  obtained 
therefore,  by  arranging  the  wheel  for  vertical  outflow  a 
the  mean  diameter,  but  as  the  velocity  of  flow  rises  onl; 
gradually  with  diminished  speed,  a  very  considerabL 
departure  from  this  principle  may  be  permitted  withou 
very  serious  detriment  to  the  performance  of  the  wheel. 

This  peculiarity  is  only  possessed  to  a  very  limite< 
extent  by  parallel-flow  turbines,  and  not  at  all  by  thos< 
with  purely  inward-flow. 

It  having  been  proved  that  in  an  inward-  and  down 
ward-flow  turbine  with  a — relatively  to  the  diameter- 
very  great  width  of  buckets  at  the  outflow,  the  loss  b; 
unutilized  energy  is  not  greater,  and  may  even  be  les 
than  in  a  Jonval  turbine  of  good  proportions,  the  efficienc; 
of  the  former  may  be  estimated  by  the  usual  formula  fo 

any  given  angles  a  and  a^  and  ratio  -  . 
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It  will  be  evident  from  the  preceding  investigation  that 
the  average  loss  by  unutilized  energy  with  the  assumed 
proportions  is  to  the  minimum  loss — where  the  outflow 
is  vertical  (or  at  right  angles  to  the  direction  of  rotation) 
— as  4  to  3,  or  in  the  ratio  1^:1.  In  calculating  the 
efficiency  by  the  well-known  formula,  that  portion  of  it 

representing  the  loss   by  residual  velocity,  (-t-J   cos  'a^, 

must  be  multiplied  by  a  co-efficient,  which  in  the  above 
case  would  be  1^,  and  in  others  might  be  greater  or  less 
according  to  the  dimensions  of  the  wheel,  in  order  to  allow 
for  the  excess  of  actual  loss  over  that  due  to  vertical 
outflow. 

Taking  as  an  example  the  "  Hercules  "  turbine  of  which 
t;he  t«st  results  are  given  on  page  405,  all  the  necessary 
dimensions  are  given  except  the  relative  angle  of  outflow 
Og,  and  if  it  be  assumed  that  the  average  value  of  the 
latter  is  TO'',  it  will  probably  not  be  very  far  from  the 
truth;  besides  which  the  co-efficient  of  velocity  AT^  is 
not  very  sensitive  to  variations  in  the  relative  angle  of 
outflow. 

A  general  description  of  the  "  Hercules "  turbine  has 
already  been  given  in  connection  with  the  trials  made  with 
it  at  Holyoke,  but  for  purposes  of  calculation  it  will  be 
necessary  to  examine  its  construction  somewhat  more 
closely. 

Fig.  168  shows  a  section  through  the  axis  of  the  wheel 
and  some  of  the  principal  dimensions  kindly  furnished  to 
the  author  by  Mr.  Clemens  Herschel,  at  the  time  engineer 
of  the  Holyoke  Water-power  Company. 

The  flow  of  the  water  on  leaving  the  buckets  is  both 

inward  and  downward,  but  the  inward  component  of  the 

direction   of    motion    preponderates.      In    entering    the 

buckets  the  water  already  has  a  downward  tendency,  and 

I  I 
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for  tlio  greater  bulk  of  it  this  is  compamtively  sligh 
increased  in  pnssing  through  the  motor;  a  part  of  t 
fluid,  however,  at  the  }ower  end  of  the  buckets  leai 
axially,  or  possibly  even  with  a  slightly  outward  rad 
tendency. 

Fig.  IflS. 


The  curved  form  of  the  inner  edges  of  the  bucket: 
given  with  the  object  of  securing  a  large  area  of  outfl< 
which    with   the    small    diameter    would    othei-wise 
impossible. 

Mr.  ClemenB  Kcrschel  espressos  the  opinion  that  I 
water  "seldom  if  ever  /ills  the  bucket  orifices."  As  i 
previously  remarked,  the  co-efficicut  of  outflow  from  1 
guide  passages  {JC^  =  0'625)  proves  that  the  turbine 
the  reaction  type,  and  that  therefore  the  water  pass! 
through   the   buckets   is  under  a  pressure  greater   tl 
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that  of  the  atmosphere;  if  the  bucket  orifices  are  not 
entirely  filled,  then  a  portion  of  the  water  itself,  not 
participating  in  the  flow,  forms  itself  Into  a  wall,  and  the 
effective  orifice  is  that  bounded  by  the  body  of  stationary 
eddying  water.  An  action  of  this  kind  undoubtedly  does 
often  take  place  in  the  buckets  of  turbines,  and  it  is 
extremely  probable  that  it  occurs  in  the  "Hercules" 
wheel 

The  water  leaves  by  a  short  suction  or  draft-tube,  and 
must  take  a  course  in  leaving  the  buckets  somewhat  like 
that  indicated  in  Fig.  168;  the  shaded  area  represents 
relatively  stationary  water  in  an  eddying  condition. 

If  the  water  filled  the  outflow  orifices,  a  portion  of  it 
must  leave  in  a  nearly  radial  cyiUward  direction,  and 
would  immediately  impinge  nearly  at  right  angles  on 
the  inner  surface  of  the  suction-tube,  its  flow  being  thus 
abruptly  arrested  and  a  great  resistance  oSered  to  the  flow. 

Tbe  fluid  will  therefore  not  take  this  course,  but  follow 
the  path  of  least  resistance,  and  the  line  A  B  G  will 
probably  very  nearly  represent  the  outer  boundary  of  a 
section  through  tbe  axis  of  the  body  of  water  leaving  the 
turbine. 

If  the  edge  of  the  vane  at  the  outflow  for  the  greatest 
diameter  be  supposed  to  lie  in  the  plane  of  the  diagram, 
then  the  true  position  of  the  projection  of  the  iriflow  edge 
is  represented  by  A  A^,  as  the  line  ah  c  d  shows  this 
edge  brought  round  into  the  same  plane  as  the  outflow 
edge. 

Assuming  the  course  of  the  water  to  be  as  indicatedi 
then  only  0*89  of  the  full  outflow  area  from  the  buckets, 
after  allowing  for  contraction,  would  be  occupied,  and  the 

A 

ratio  -J  =  0*673  instead  of  0*509;  as  would  be  the  value  if 

the  whole  area  were  filled. 


i 
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From  the  dimensions  given   the  mean  ratio  of   tl 

diameters  or  radii  -^  =  1*84 ;  this  is  arrived  at  by  su] 

posing  the  turbine  to  be  divided  into  four  parts — by  tl 
transverse  partitions — through  each  of  which  an  equ; 
quantity  of  water  is  assumed   to  flow,  and   taking  tl 

mean  of  the  ratios  *^  of  each  division.    The  correspondii 

outer  and  inner  diameters  are  measured  at  a  and  di, 
and  bi,  c  and  c^,  d  and  di  respectively. 

Adding  3  per  cent,  for  shaft  friction  to  the  actu 
efficiency  makes  the  hydraulic  efficiency  e  =  0*888,  or  si 
0-89  =  89  per  cent 

The  data  are  then  as  follows — 

a  =  75i°,  =  a,  =  70^  4   =  0-673,  -  (mean)  =  1-84, 

c  =  0*89,  sin  a  =  0*967,  sin  a^  =  0*940,  r,  mean  =  1*5 
Substituting  these  values  in  the  formula  for  JSTf 

V  2  X  1-84  X  0-673  X  0-967  x  0*94  -  "  ^^'^  > 

the  experimental  value  is  0-625,  so  that  the  agreement 
very  good. 

For  the  sake  of  further  comparison  the  theoretic 
efficiency  may  be  calculated,  allowing  60  per  cent,  mo: 
loss  by  unutilized  energy  than  that  corresponding  • 
radial  outflow  in  a  very  narrow  wheel.  On  this  assumptic 
the  efficiency 

2 -j^  sin  a  8171  or 


€  = 


O    ^'l^ 


~  sin  a  sin  a^  +  Ci+  (^  )   (C  + '^'o  cos  ^a.^) ; 

or  substituting  numerical  values 

€  =  0-881, 
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as  against  e  =  0*888  for  the  experimental  value  with  3  per 
cent,  added  for  shaft  friction. 

The  ratio  of  the  best  speed  as  found  by  experiment  to 
the  velocity  due  to  the  head  is 

K^  =  0-669. 
For  inflow  without  shock  calculated  with  the  observed 
value  of  A"i  =  0-625— 

K^  =  0-582. 

The  value  of  K^  which  should  strictly  speaking  be 
employed  in  calculating  K^  is  probably  not  quite  the  same 
as  that  given  above,  since  there  is  a  clear  space  between 
the  guide  orifices  and  the  inflow  orifices  of  the  buckets, 
so  that  the  area  of  the  stream  on  leaving  the  guides  is 
not  the  same  as  at  the  moment  of  entering  the  buckets, 
the  absolute  direction  of  flow  being  also  changed  during 
the  passage  of  the  water  through  the  clearance  space. 

In  consequence  of  the  diameter  at  which  the  water 
enters  the  buckets  being  considerably  less  than  that  at 
which  it  leaves  the  guides,  the  absolute  area  of  the  stream 
tends  to  diminish,  but  this  tendency  is  partly  counteracted 
by  the  absence  of  vanes  to  occupy  a  portion  of  the  space ; 
at  the  same  time  the  angle  a  is  very  probably  less  than 
that  at  which  the  water  leaves  the  guides,  and  this  tends 
to  increase  the  area  A,  It  is  impossible,  owing  to  the 
uncertainty  as  to  the  direction  taken  by  the  water,  to 
know  exactly  what  would  be  the  effective  area  of  the 
stream,  and  consequently  its  absolute  velocity  at  the 
moment  of  entering  the  buckets,  even  if  the  clearance 
between  guides  and  wheel-buckets  were  given  (which  in 
this  case  it  is  not),  but  it  is  probable  that  the  area  is 
somewhat  less  than  the  value  previously  stated  for  A,  and 
therefore  the  velocity  of  flow  greater  than  that  from  the 
guide  passages.  Under  these  circumstances  the  velocity 
Wi  of  the  outer  circumference,  as  calculated,  would  be 
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also    greater    than    the  vahie    corresponding  to  K^ 
0-582. 

The  velocity  of  rotation  at  the  inflow  corresponding 
radial  outflow  at  the  mean  efiective  inner  diameter  2r 

is  07275  J 2^,  whence  K^  =  07275. 

The  mean  of  the  values  of  JTj  resulting  from  the  t^ 
assumptions  of  inflow  without  shock  and  radial  outflc 


IS 


_       0-582 +  0-7275      ^__ 


which  corresponds  veiy  satisfactorily  with  the  expei 
mental  value  K^  =  6-669. 

In  this  case  the  correspondence  between  theory  ai 
practice  is  exceedingly  good. 

If  the  efficiency  of  a  Jonval   turbine  with   the  san 

values  of  a,  a^  and  —  be  calculated  in  a  similar  mannc 

A. 

it  will  be  found  that     €  =  0*818, 

the  same  co-eflScients  Ci  ai^d  C2  being  used  in  both  ii 
stances,  but  no  excess  of  loss  by  unutilized  energy  ov< 
that  due  to  vertical  outflow  allowed  for  in  the  paralle 
flow  wheel  (which  of  course  tells  in  favour  of  the  latter). 
It  will  be  seen  that  the  theoretical  advantage  of  tl: 
mixed-flow  over  the  parallel-flow  turbine  in  the  case  ii 
vestigated  is  5*4  per  cent.,  apart  from  the  question  < 
any  gain  arising  from  absence  of  shock  at  the  inflo\ 
The  actual  superiority  is  not  so  great,  as  some  i}eculiai 
ities  in  the  construction  and  circumstances  before  allude 
to  in  connection  with  mixed-flow  wheels  tend  to  neutrali2 
the  advantages.  The  actual  hydraulic  efficiency  < 
parallel-flow  turbines  is  often  greater  than  that  obtaine 
above;  this  is  owing  to  the  assumed  values  of  the  c< 
efficients  of  resistance  Ci  and  ^2*  niore  especially  the  latte 
being  too  high.     Good   Jonval   wheels   have   in   certai 
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cases  shown  efficiencies  of  85  per  cent.,  or  adding  3  per 
cent,  for  shaft  friction,  hydraulic  efficiencies  of  88  per  cent. 

A  peculiar  feature  of  the  "Hercules"  wheel  under 
consideration  is,  that  the  efficiency  at  0*806  gate  was 
higher  than  at  ffdl  gate. 

This  is  easily  accounted  for  by  the  construction  of  the 
turbine.  The  buckets  are  subdivided  by  partitions  parallel 
with  the  direction  of  flow,  so  as  to  form  practically 
several  narrower  wheels  connected  together  and  keyed 
to  one  shaft.  At  full  gate,  when  all  these  divisions 
are  full,  the  water  leaving  the  uppermost  division  is, 
owing  to  the  tapering  form  of  the  inside  of  the  wheel 
and  the  obstruction  of  the  boss,  more  abruptly  deflected 
and  impeded  in  its  ofi-flow  than  the  water  from  the  lower 
divisions.  When,  therefore,  the  uppermost  portion  of 
the  wheel  is  closed,  the  fluid  meets  with  less  resistance 
than  at  full  gate,  while  the  top  division  is  filled  up  with 
nearly  stationary  water,  which,  owing  to  the  presence  of 
the  boss,  remains  shut  up  between  the  latter  and  the 
sluice-gate  regulator  in  the  one  direction  and  the  top  of 
the  wheel  and  the  flowing  stream  in  the  other.  In 
addition  to  this,  the  area  of  the  short  draft-tube  used 
with  the  motor,  which  is  about  4  feet  diameter,  appears 
to  be  too  small  in  proportion  to  the  relative  area  of 
outflow  A2,  so  that  the  water  is  choked  in  leaving  at  full 
gate,  while  at  part  gate  this  does  not  occur.  In  calcu- 
lating the  theoretical  efficiency  the  choking  action  was 
not  taken  into  account,  but  when  that  is  done,  the 
efficiency  becomes  0*871  instead  of  0*881. 

The  author  is  of  opinion  that  even  better  results  than 
those  actually  achieved  would  be  possible  with  the  type 
of  wheel  in  question  if  the  inner  and  outer  diameters 
were  both  proportionately  greater,  so  that  there  would 
be  more  room  for  the  water  to  escape,  and  the  necessity 
might  be  avoided  of  giving  the  inside  edge  of  the  buckets 
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the  complicated  curved  form  now  required  to  secure  t 
stated  outflow  area  Ai,  at  the  same  time  making  t 
draft-tube  of  sufficient  area  to  avoid  all  choking. 

There  is  no  reason  to  suppose  that  the  co-efficients 
and  Ci  would  be  higher  in  a  turbine  of  the  "Hercule 
type  than  in  a  Jonval  wheel ;  on  the  contrary,  for  t 
same  angles  a  and  %  the  curvature  of  the  vanes  is  U 
abrupt  in  an  inward-flow  than  in  a  parallel-flow  whe 
while  owing  to  the  relatively  greater  pitch  and  width 
buckets  compared  with  their  length,  the  surface  area 
contact  with  a  given  volume  of  water  is  less  in  the  form 
than  in  the  latter  motor.  Both  these  circumstanc 
would  tend  rather  to  reduce  the  co-efficients  of  resistan 
'  Ci  aJ^d  C2  than  otherwise. 

Against  this  may  be  set  the  double  curvature  (whic 
however,  in  the  "  Hercules  **  wheel  is  only  slight  for  tl 
greater  proportion  of  the  water  passing  through  it),  ai 
the  transverse  divisions  which  offer  additional  resistan 
to  the  water. 

In  the  "Hercules"  turbine  the  transverse  divisior 
besides  facilitating  regulation,  enable  the  guide  passag 
and  buckets  to  be  made  wider  than  would  otherwise  1 
practicable,  since  they  transform  a  wheel  of  very  gre; 
width  in  proportion  to  the  diameter  into  several  whee 
of  very  moderate  width.  The  drawback  of  making  tl 
total  width  of  the  buckets  relatively  great,  in  order  1 
secure  a  small  diameter,  which  is  common  to  mar 
American  turbines,  is  illustrated  in  the  "Hercules 
wheel  by  the  choking  of  the  outflow.  Through  th 
choking,  as  has  been  mathematically  shown,  the  efficienc 
is  reduced  below  what  it  would  otherwise  be,  and  this 
confirmed  by  the  experiments,  which  prove  the  motor  \ 
work  better  with  the  gate  partially  closed  than  when 
is  fully  open. 

A  more  accurate  method  of  analyzing  the  performanc 
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of  this  motor  would  be  to  treat  each  division  as  a  separate 
turbine,  but  in  that  case  a  knowledge  of  the  relative 
outflow  areas  of  the  diflferent  parts  would  be  necessary, 
and  this  information  the   author  does  not  possess.     For 

each  division  the  ratio  —  is  probably  somewhat  diflferent, 

its  value  being  least  for  the  lowest  division.  Under  these 
circumstances  the  resultant  velocity  of  flow  should  be 
taken  as  the  mean  of  the  four  different  values  obtained. 

At  the  Centennial  Exhibition  in  Philadelphia  a  large 
number  of  turbine  trials  were  carried  out,  and  the  motor 
which  on  this  occasion  showed  the  best  results  was  the 
"Risdon"  Turbine.  This  motor  is  'illustrated  on  pages 
27  and  28 ;  it  is  of  the  inward-  and  downward-flow  type, 
the  whole  of  the  water  leaving  axially.  It  is  reported  to 
have  shown  an  eflSciency  of  87  per  cent,  when  tested  at 
the  Centennial  Exhibition,  and  as  much  as  90  per  cent. 
when  tested  elsewhere. 

The  author  is  of  opinion  that  even  the  efficiency  of  87 
per  cent,  should  be  accepted  with  caution,  while  90  per 
cent,  may  be  rejected  as  practically  impossible  with  the 
turbine  in  question.  The  ratio  of  the  guide  outflow  area 
to  the  bucket  outflow  area  in  this  "  Risdon  "  turbine  was, 
without  allowing  for  contraction,  as  1*25  to  1;  allowing 
for  contraction  at  the  guide  oriflces,  and  assuming  there 

A 
was  none  at  the  bucket  orifices,  the  ratio  —  would    be 

A 
nearly  1.     As  to  the  proportions  between  the  diameter  at 
the  inflow  and  the  diameter  at  the  outflow,  no  data  are 
published,  but  judging  from  the  illustrations  of  this  type 

of  wheel  in  the  makers'  catalogues,  the  average  ratio  -* 

would  be  about  ^.  With  low  values  of  the  co-efficients 
Ci  and  C2  &^d   ^b®  above  ratios,  a  hydraulic  efficiency  of 
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about  90  per  cent,  or  a  little  over  is  theoretically  possib 
which,  allowing  3  per  cent,  for  shaft  friction,  would  lea 
an  actual  efficiency  of  about  87  per  cent  The  questi 
is  whether,  with  the  abrupt  deflection  which  a  portion 
the  water  is  compelled  to  make  from  a  radial  to  a  verti 
course,  the  assumption  of  such  low  values  for  the  co-eflSciei 
is  justified. 


Conipariso7i  of  Water  Measurements. 

As  it  might  very  natumlly  be  suggested  that  1 
exceptionally  good  results  obtained  with  the  "  Hercuk 
wheel  are  due  to  errors  in  the  measurement  of  the  wa 
used  by  the  motor,  a  comparison  of  the  co-eflScient  us 
at  Holyoke  with  that  obtained  from  Braschmann's  formi 
and  by  other  experimenters  appears  desirable. 

The  mean  length  of  the  weir  at  Holyoke  during  1 
trials  of  the  "Hercules"  turbine  was  L  =  20*035  U 
being  the  same  as  that  of  the  canal  of  approach. 

For  the  best  speed  at  full  gate  the  depth  on  the  w 
was  H  =  1*2  feet,  and  the  quantity  of  water  estimated 
have   passed  through   the  turbine  Q  =  88*33  cubic  f 
per  second.     If  from  these   data   the  co-efficient   C 
calculated  in  the  formula 

it  will  be  found  that 

C  =  0-4179. 

By  Braschmann*s  formula 

/  L       0-00174^ 

G  =  (0-3838  +  0-0386  j^  +  --jj- 

since  77  =  1 

G  =  0-3838  +  0-0386  +  0-0014  =  0-4238. 
This  gives  a  difierence  of  only  1*4  per  cent  betw 


AMERICAN  TURBINES.  491 

the  two  values,  which  is  well  within  the  limits  of  probable 
error, 

Fteley  and  Steams  found  a  co-efficient  C  =  0*4106 
for  a  weir  19  feet  wide  without  end  contractions,  with 
a  depth  of  water  on  the  weir  of  1*166  feet;  the  diflference 
between  this  and  the  Holyoke  value  is  1*75  per  cent. 

Before  dismissing  the  subject  of  American  turbines,  it 
may  be  recalled  to  mind  that  with  an  inward-flow  wheel 
the  loss  from  unutilized  energy  with  a  given  outflow-angle 
a^  is  not  so  great  as  in  a  parallel-flow  turbine  with  the 
same  angle,  and  this  fact  has  been  taken  advantage  of  in 
some  American  motors,  by  making  the  outflow  angle  less 
than  would  be  desirable  in  axial  turbines  in  order  to 
secure  a  greater  outflow  area  without  increasing  the 
diameter.  The  smaller  the  angle  ag  can  be  made,  the 
less  sudden  is  the  change  of  sectional  area  of  the  buckets 
for  a  given  length  of  the  latter.  The  loss  in  the  buckets 
is  reduced  by  making  the  change  of  shape  more  gradual, 
and  this  may  in  some  instances  compensate  for  the 
accompanying  increase  of  loss  from  unutilized  energy 
resulting  from  the  smaller  angle  a^  For  this  reason,  of 
two  turbines  of  the  same  class,  but  with  different  outflow 
angles,  that  with  the  smaller  angle  may  give  the  higher 
efficiency,  in  spite  of  the  greater  residual  velocity  of  the 
water  leaving  it. 

The  following  Tables  I.  and  II.  (previously  referred  to) 
give  respectively  the  values  of  the  co-efficients  of  flow  and 
efficiencies  corresponding  to  various  proportions  of  the 
outflow  areas  and  radii,  and  to  various  angles  of  outflow. 
The  figures  contained  in  Table  II.  are  not  intended  to  be 
taken  as  having  any  absolute  value,  but  merely  illustrate 
the  manner  in  which  modifications  in  the  proportions  tend 
to  influence  the  efficiency,  on  the  assumption  that  the 
experimental  co-efficients  of  friction,  &c.  remain  unaltered. 
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Fhe  curves   shown  in   Fig.  169  illustrate    clearly  the 
5ct   of  the   ratio    of  inflow  to  outflow  radius  on  the 
srgy  available  in  the  kinetic  form — as  velocity — at  the 
.de  outflow,  and  on  the  various  losses. 
[t  will  be  seen  that  the  loss  from  residual   velocity 

ureases  as  the  ratio  ~  increases. 

N^eglecting  the  loss  in  the  guide  passages,  the  ordinates 
the  curve  of  kinetic  energy  measured  from  the  lower 
rizontal  line  upwards  give  the   proportion  of  energy 

iilable  as  pressure  at  the  guide  outflow  A  —  g-^. 


CHAPTER  XIII. 

HYDRAULIC   PRESSURE   ENGINES. 

Definition. — Mode  of  action. — Motion  of  piston, — Influence  of 
reciprocating  masses. — Pressure  on  piston. — Available  energy. — 
Useful  work. — Losses. — Efficiency. — Motors  of  Armstrong,  Rigg, 
Schmid,  Wyss  and  Studer,  Haag,  Meyer,  and  Hastie. — Qeneral 
remarks. 

A  HYDRAULIC  pressure  engine  is  a  motor  in  which  water 
is  made  to  do  work  by  means  of  its  hydrostatic  pressure 
only  acting  on  a  piston  or  plunger  reciprocating  in  a 
cylinder,  or,  in  some  cases,  on  a  revolving  piston  similar  to 
those  employed  in  rotary  steam-engines. 

Reciprocating  motors  of  this  class  have  been  made  both 
single  and  double  acting,  and  for  pressure  up  to  one  ton 
per  square  inch  and  even  greater. 

In  the  case  of  turbines  the  pressure  of  a  column  of  water 
is  in  the  first  instance  employed  in  giving  motion  to  the 
fluid  itself,  and  after  this  motion  has  been  produced  the 
energy  due  to  it  is  utilized  in  doing  work.  In  hydraulic 
pressure  engines  the  pressure  of  the  water,  instead  of  first 
being  expended  on  accelerating  the  motion  of  the  latter,  is 
applied  direct  to  the  performance  of  work,  by  overcoming 
through  the  medium  of  a  piston  or  plunger  an  approxi- 
mately equal  and  contrary  force  or  resistance.  A  portion 
of  the  available  energy  due  to  the  pressure  is,  it  is  true, 
unavoidably  expended  in  giving  the  fluid  the  velocity 
necessary  to  follow  the  piston  and  escape  from  the  motor, 
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but  this  portion  should  be  as  small  as  practicable,  and  an 
ideal  pressure  motor  would  be  one  in  which  the  energy 
represented  by  the  velocity  is  a  vanishing  quantity  com- 
pared with  the  work  done  on  the  piston ;  this  will  be 
approximately  the  case  when  the  pressure  is  very  high  and 
the  speed  of  the  engine  low. 

For  pressure  engines,  as  for  other  hydraulic  motors, 
the  available  energy  is  expended  in  (1)  doing  useful  work, 
(2)  overcoming  hydraulic  resistances,  and  (3)  producing 
the  residual  velocity  of  the  fluid. 

If  the  motion  of  the  piston  or  plunger  were  uniform 
throughout  the  whole  of  its  stroke,  the  pressure  exerted 
on  it  would  be  constant,  provided  the  pressure  in  the  main 
did  not  vary ;  as  a  matter  of  fact,  however,  in  reciprocating 
engines  the  speed  of  the  piston  varies  very  greatly  at 
different  points  of  the  stroke,  being  nil  at  the  commence- 
ment, a  maximum  near  the  middle,  and  again  nil  at  the 
end.  The  water  in  the  cylinder  and  in  the  pipes  con- 
nected with  it,  as  far  back  as  the  air  vessel  or  its  equiva- 
lent which  is  generally  used,  has  to  follow  this  varying 
motion  of  the  piston,  and  consequently  alternate  accelera- 
tion and  retardation  of  the  whole  of  this  mass  of  fluid,  as 
well  as  the  reciprocating  masses  of  the  engine,  must  occur. 
At  the  beginning  of  the  stroke,  when  the  piston  is  for 
a  moment  at  rest,  the  whole  available  pressure  will  be 
transmitted  through  it  to  the  crank-pin,  but  as  the  speed 
increases  towards  the  middle  of  the  stroke,  a  part  of  this 
pressure  will  be  required  to  cause  the  acceleration  of  the 
moving  masses,  and  the  force  acting  on  the  crank-pin  will 
be  diminished  by  a  corresponding  amount.  During  the 
latter  part  of  the  stroke  the  energy  thus  absorbed  will  be 
again  restored  as  the  masses  are  brought  to  rest. 

The  pressure  exerted  on  the  piston  is,  in  consequence 
of  the  action  described,  not  constant,  but  varies  according 
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to  the  amount  required  to  produce  the  velocity  of  the 
water  necessary  to  follow  the  piston.  The  indicator 
diagram  would  have  a  form  similar  to  that  shown  in  Fig. 
170. 

The  pressure,  as  recorded  by  an  indicator,  is  not  affected 
by  the  absorption  of  energy  through  the  reciprocating 
masses  of  the  engine,  which  only  has  the  effect  of  altering 
the  distribution  of  effort  on  the  crank-pin. 


Fig.  170. 


During  the  exhaust,  in  addition  to  the  power  required 
to  overcome  the  atmospheric  pressure,  a  certain  amount 
of  work  has  to  be  done  in  expelling  the  water  from  the 
cylinder,  all  of  which  represents  loss  of  energy,  and  has 
the  immediate  effect  of  increasing  the  back  pressure. 
The  greater  the  piston  speed  the  greater,  with  a  given 
exhaust  orifice,  must  be  the  back  pressure,  and  the  latter 
increases  as  the  outflow  area  is  reduced;  it  is  therefore 
obviously  desirable  to  keep  the  speed  of  the  motor  low 
relatively  to  the  velocity  due  to  the  available  pressure  or 
head,  and  at  the  same  time  to  make  the  area  of  the 
exhaust  passages  as  great  as  possible. 

An  exact  mathematical  investigation  of  the  effect  of  the 
acceleration  and  retardation  of  the  masses  of  water  and 
metal  on  the  distribution  of  effort  on  the  piston  or  crank- 
pin  leads  to  very  complicated  expressions  and  has  very 
little  practical  use  ;  it  may  therefore  be  dispensed  with. 
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The  well-known  formula 

E  =  W  +  Z, 
where  (as  before)  H  denotes  the  available  energy,  W  the 
useful   work   done,  and  Z  the   losses,  applies   to   water- 
pressure  as  to  other  motors ;  it  remains  to  be  seen  of  what 
components  these  quantities  are  made  up. 


Available   Energy, 

In  tbe  case  of  small  water-pressure  motors  driven  from 
the  water-supply  in  the  town  mains,  the  available  energy 
at  the  disposal  of  the  motor  is  the  product  of  the  pressure 
in  the  pipes,  measured  as  head,  multiplied  with  the  weight 
of  water  supplied.  The  pressure  must  be  measured  at  a 
point  immediately  behind  the  orifice  through  which  the 
water  enters  the  motor. 

The  amount  of  the  available  energy  for  any  given  case 
is  by  no  means  invariable,  but  depends  upon  the  position 
of  the  valve  or  cock  through  which  the  water  leaves  the 
main.  If  F  denote  the  sectional  area  of  the  pipe,  /  the 
(variable)  valve  area,  a  the  co-eflScient  of  contraction,  then 
the  velocity  of  outflow 

/        2gh 

(1)         ^-^A+c^-iy 

where  a  also  varies  under  different  conditions.  Tlic 
quantity  of  water  passing  through  the  valve-area  /  is  ^  = 
fc,  so  that  Q  is  dependent  on/  in  a  double  sense,  and  is 
not  merely  proportioned  to  the  opening  of  the  valve.  If  ^ 
denote  the  pressure  near  the  valve-orifice,  then  the  avail- 
able energy 

(2)  E  =  csfp  =  Q  sp, 

where  8  is  the  weight  of  the  unit  of  volume  of  the  fluid. 
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The  quantity  p  is,  however,  dependent  to  a  high  degree 
on/  (the  valve-outlet  area),  and  attains  its  minimum  value 
when  the  valve  is  fully  open,  and  its  maximum  (the  full 
pressure  in  the  main)  when  the  valve  is  closed.  The 
volume,  on  the  other  hand,  increases  with  /,  and  hence  it 
follows  that  E  must  reach  its  maximum  with  some  inter- 
mediate position  of  the  valve. 


Fig.  171. 


zoU 
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To  follow  the  variations  of  E  mathematically  would  be 
a  somewhat  tedious  and  unnecessary  process,  but  experi- 
ments made  on  this  subject  by  Schaltenbrand,  the  results 
of  which  were  published  in  the  Zcitschrift  des  Vcreins 
Bcutschcr  IngcnkiLrc  in  1881,  p.  655,  give  valuable  infor- 
mation on  this  point.  The  experiments  were  made  with 
an  8  mm.  valve  in  the  Berlin  mains,  to  which  a  pressure- 
gauge  was  connected. 

When   the   valve   was   closed,  the  gauge  indicated   a 


HYDRAULIC  PRESSURE  ENGINES.  505 

pressure  of  3*25  atmospheres,  and  with  fully  open  valve 
only  0'05  atmosphere. 

The  diagram  (Fig.  171)  shows  graphically  the  results 
of  this  investigation.  The  pressures  in  atmospheres 
plotted  as  abscissae  and  the  quantities  of  water  flowing 
out  as  ordiuates  giv^  the  curve  shown  by  the  full  plain 
line.  The  product  of  the  pressure  and  corresponding 
quantity  of  water  is  proportional  to  the  available  energy 
in  each  case,  and  is  also  plotted  as  a  curve  represented 
by  the  full  line  with  shaded  margin.  The  efficiency  is 
shown  by  the  dotted  line.  The  maximum  value  of  the 
available  energy  occurs  at  a  pressure  of  2*3  atmospheres, 
and  with  a  quantity  of  water  equal  to  89  litres,  and 
amounts  to  205  metre-kilograms  per  minute,  or  0*045 
horse-power. 

The  amount  of  energy  available  for  every  cubic  foot  of 
water  is  evidently  proportional  to  the  pressure  behind 
the  valve-orifice. 

The  mean  velocity  of  flow  c  through  the  main  valve 
with  a  given  motor  is  obviously  directly  proportional  to 
the  mean  speed  of  the  latter,  so  that  with  a  given  head 
in  the  main,  there  is  some  speed  of  the  motor  at  which 
a  maximum  quantity  of  energy  is  supplied  to  it  for  con- 
version into  work.  It  does  not  follow  that  the  maximum 
work  done  by  the  motor  is  also  coincident  with  this, 
since,  as  previously  stated,  the  efficiency  is  greatest  when 
the  speed  is  least. 

If  h  denote  the  total  head  of  water  available  in  the 
main,  then  for  the  relation  between  velocity  of  flow  c  and 
pressure  p,  the  hydrodynamic  equation  applies — 

c  (^ 

(^)  ^  =  2^  +  ^  +  ^^^^  =  (1  +  0  2^  +  i^» 

where  C  is  co-officient  including  all  losses. 
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By  (2) 

and  siuce  from  (A) 


E  =  cfsp, 


-•/^ 


-P)^9 


+  < 


(2a) 


H 


=  f»p  V  j- 


-p 


+  C 


^9. 


showing  very  clearly  that  the  total  available  energy  is 
not  simply  directly  proportional  to  the  pressure,  although 
this  is  the  case  with  regard  to  the  energy  available  per 
unit  of  weight — 

-Bn  =  P- 
Expressed  in  terms  of  c  (instead  of^>  as  above) 

i2h)  A'=/.c{/.-.  J(l  +  0} 


Useful   Work. 

Let  A   denote  the  effective  area  of  the  piston, 
S    the  stroke, 
F  the  mean  effective  pressure  on  the  piston,  per 

square  inch, 
2),a  the  mean  working  pressure  on  the  piston,  per 

square  inch, 
p^   the  mean  back  pressure  above  the  atmosphere, 
a    the  atmospheric  pressure, 

n  the  number  of  strokes  per  second  of  the  piston, 
then  P  =  Pm  -"  Poy  assuming  the  area  of  the  piston  to 
be  the  same  on  both  sides,  and  the  useful  work  per 
stroke  =  FA  S  =  {2)„^  -  2^0)  ^  S. 
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The  useful  work  per  second 

W  =  nPAS=n(p^^p,)AS, 
or  since  the  mean  piston  velocity  per  second 

V  =  n  S, 
W  =  v{p^^p,)A  =  vPA. 

The  pressure  p  in  the  main,  measured  in  the  air 
vessel  or  its  equivalent,  would,  if  the  velocity  were 
uniform,  equal  the  working  pressure  p^^,  neglecting  the 
losses  due  to  friction  and  hydraulic  resistances  of  various 
kinds.  In  practice,  p  and  p^  are  only  equal  at  the 
commencement  of  a  stroke,  when  the  piston  or  plunger 
has  the  velocity  nil;  as  the  velocity  increases,  the 
pressure  p  (which  for  the  sake  of  simplicity  is  assumed 
to  be  constant,  as  would  be  approximately  the  case  with 
a  very  large  air  vessel),  instead  of  being  wholly  expended 
in  doing  work  on  the  piston,  is  partially  employed  in 
accelerating  the  mass  of  water  between  the  air  vessel 
and  the  piston,  as  well  as  the  masses  of  the  reciprocating 
portions  of  the  engine.  This  has  the  effect  of  reducing 
the  pressure  on  the  piston  below  that  in  the  air  vessel, 
apart  from  hydraulic  resistances  which  tend  in  the  same 
direction,  and  causes  the  depression  of  the  indicator 
diagram,  shown  in  Fig.  170,  previously  referred  to.  As 
the  piston  is  brought  to  rest  during  the  latter  part  of  the 
stroke,  the  pressure  rises,  and  the  kinetic  energy  due 
to  the  velocity  of  the  moving  fluid  is  reconverted  into 
pressure,  so  that  at  the  termination  of  the  stroke,  when 
the  piston  velocity  is  again  nil,  not  only  does  the  full 
pressure  p  in  the  air  vessel  make  itself  felt,  but  also  an 
excess  of  pressure  over  this  due  to  the  restoration  of  the 
energy  previously  absorbed  in  acceleration.  Hence  the 
ordinate  of  the  indicator  diagram  corresponding  to  the 
end  of  the  sti'oke  is  higher  than  that  at  the  beginning. 
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For  practical  purposes  it  is  sufficient  to  assume  a 
mean  constant  pressure  ^^  throughout  each  stroke,  which 
is  less  than  the  mean  pressure  p  in  the  air  vessel,  by  the 
amount  due  to  hydraulic  resistances  in  the  pipes,  passages 
and  cylinder. 

With  a  small  air  vessel,  as  generally  used  with  hydraulic 
reciprocating  motors,  the  pressure  p  is  not  constant,  since 
at  the  commencement  and  termination  of  every  stroke 
(where  only  a  single  motor  is  in  use)  the  body  of  fluid 
between  the  air  vessel  and  piston  is  brought  to  rest  while 
water  continues  to  flow  into  the  air  vessel  from  the  main, 
thus  producing  compression  of  the  enclosed  air  and  a 
con-esponding  increase  of  pressure.  The  actual  conditions 
occurring  are,  it  will  be  seen,  of  a  very  complicated  char- 
acter, owing  mainly  to  the  periodically  varying  piston  speed. 

Losses  of  Energy. 

The  hydraulic  losses  of  energy  taking  place  in  water- 
pressure  motors  are  similar  to  those  occurring  in  the  case 
of  turbines,  and  are  due  to  the  following  causes:  fluid 
friction  in  pipes  and  passages,  flow  through  orifices  with 
sharp  or  imperfectly  rounded  edges,  sudden  changes  of 
stream  section,  sharp  bends  in  pipes  and  passages,  and 
unutilized  energy  in  outflowing  water. 

Some  of  these  losses  occur  during  the  working  stroke, 
others  during  the  exhaust  stroke. 

Generally  speaking,  the  water  enters  the  cylinder 
through  ports  which  are  considerably  less  in  area  than 
the  cylinder,  so  that  in  passing  into  the  latter  a  sudden 
enlargement  of  the  stream  section  takes  place.  If,  as 
before,  v  be  the  piston  speed  and  v^  the  velocity  of  flow 
through  the  ports,  the  loss  for  the  unit  of  weight  will  be 

1 
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or,  if  Bi  denote  the  ratio  of  the  area  of  the  cylinder  to 

that  of  the  ports,  L^  =  5- , 

since  Vi  =  JBi  v. 

In  passing  through  the  ports  a  loss  is  sustained  repre- 

f  v*       1 
sented  by  i,  =  -^  ^  2g^^  ^^  ^* 

Previous  to  entering  the  cylinder  a  certain  quantity  of 
energy  is  absorbed  by  fluid  friction  in  the  pipe  leading 
from  the  air  vessel  to  the  motor.  A  similar  loss  occurs 
in  the  cylinder  both  during  the  working  and  exhaust 
stroke. 

Owing  to  the  relatively  small  length  of  the  cylinder, 
the  loss  in  it  by  hydraulic  friction  may  be  neglected; 
that  occurring  in  the  supply  pipe  is  expressed  by  the 

where  /  is  the  length  of  the  pipe,  d^  its  diameter,  v^  the 
velocity' of  the  water  in  it,  and  Cr  a  co-efficient.  If  the 
exhaust  takes  place  through  a  pipe  of  any  considerable 
length,  the  loss  by  friction  in  this  must  also  be  taken 
into  account.  Denoting  by  R^  the  ratio  of  the  cylinder 
area  to  that  of  the  pipe  with  the  diameter  d^, 

The  loss  from  unutilized  energy  has  next  to  be  con- 
sidered. At  every  point  of  the  exhaust  stroke  the  velo- 
city of  the  water  expelled  from  the  motor  is  different, 
varying  with  the  piston  speed,  and  the  loss  of  energy,  for 
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a  given  quantity  of  water  expelled  is  of  course  propor- 
tional to  the  square  of  the  piston  speed.  If  the  squares 
of  the  piston  velocities  be  plotted  as  ordinates,  and  the 
corresponding  portions  of  the  stroke  traversed  as  abscissae, 
a  curve  will  result  similar  to  that  shown  in  Fig.  172. 
The  mean  ordinate  of  this  curve — the  height  of  a  rec- 
tangle of  the  length  of  the  stroke  and  of  the  area  com- 
prised between  the  curve  and  the  axis  of  abscisssB — 
represents  the  average  loss  per  unit  of  weight  of  water 
expelled,  and  the  square  root  of  this  value  the  equivalent 
velocity  of  flow,  which  is  in  excess  of  the  mean  piston 


Fig.  172. 
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velocity.  In  a  motor  with  an  oscillating  cylinder,  and 
the  distance  of  the  centre  of  oscillation  from  the  crank 
centre  equal  to  three  times  the  throw  of  the  crank,  the 
average  loss  by  unutilized  energy  is  to  that  due  to  the 
mean  piston  velocity  as  about  6*3  to  4,  and  the  ratio  of 
the  equivalent  velocity  to  the  mean  piston  velocity  as 
about  2*54  to  2,  or  say  \\  times  the  latter. 

In  calculating  the  various  hydraulic  losses,  this  value 
should  be  taken  for  v  instead  of  the  actual  mean  piston 
velocity — it  may  be  denoted  by  G  v.  The  loss  from  un- 
utilized energy  may  then  be  expressed  by 


2/3  =  li 


3 
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where  Bs  is  the  ratio  of  the  cylinder  area  to  that  of  the 
exhaust  ports. 

There  will  finally  be  a  further  loss  during  the  passage 
of  the  water  through  the  exhaust  ports  and  passages, 
depending  on  the  length,  shape  and  surface  of  these,  and 
whether  the  edges  are  well  rounded  or  sharp. 

All  these  losses  may  be  summed  up  together  in  the 
form 


+  r/g^  +    .    .    .    .    I  ; 

let   the   quantities  within   the   brackets   be    for   brevity 


denoted  by  C  then 


v^ 


^=fi- 


The  mean  eflfective  pressure  can  now  be  expressed  by 


^=(f-4> 


Loss  by  leakage  has  not  been  included  in  the  losses 
thus  far  considered,  but  it  should  in  a  well-constructed 
motor  be  very  trifling. 


Efficiency, 
Tlie  efficiency  of  a  hydraulic  pressure  engine 


'^E  = 


W     QP  _P 


where  both  P  and  p  are  measured  in  pounds  per  square 
inch. 
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Substituting  for  P  its  value  as  previously  found 


€  = 


p 


This  equation  shows  very  plainly  how  with  a  given 
velocity  v  the  efficiency  must  increase  with  the  pressure, 
or  with  given  pressure  increase  as  the  velocity  decreases. 


Sir    William  Armstrong's  Motor. 

To  Sir  William  Armstrong  appears  to  be  due  the 
credit  of  having  designed  and  constructed  the  first 
hydraulic  pressure  engine.  His  original  idea  in  connec- 
tion with  the  subject  was  to  adopt  the  rotary  tjrpe  of 
engine,  and  having  arrived  at  a  design  which  he  con- 
sidered fulfilled  the  desired  conditions,  he  sent  it  to 
the  Mechanic's  Magazine^  in  which  journal  it  was  fully 
described  and  illustrated  under  date  December  29tb, 
1838.  Fig.  173  shows  this  design,  which,  in  the  inventor's 
own  words,^  "may  be  briefly  described  as  consisting  of 
a  wheel  with  a  flat  rim,  containing  four  equidistant 
pistons  folding  into  circular  apertures,  and  intersecting 
longitudinally  a  curved  tube  open  at  the  lower  end,  and 
communicating  at  the  upper  end  with  the  supply  pipe. 
The  pistons  open  out  as  they  enter  the  tube  and  fold 
up  on  leaving  it,  and  each  piston  takes  the  pressure 
of  the  column  before  the  preceding  one  loses  it.  The 
opening  and  closing  of  the  pistons  in  the  order  required 
is  effected  by  external  cams  and  slides  giving  motion  to 
the  pistons  through  the  axles  on  which  they  turn." 

^  "  Minutes  of  Proceedings  of  the  Institution  of  Civil  Engineers,'' 
vol.  i.  p.  65. 
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Subsequently  a  working  nwdel  of  this  motor  waa  oon- 
Btnicted  and  tried  at  Newcastle  and  Gateshead,  in  con- 
nection with  the  town  water-pipes. 

Its  efficicQcy  is  stated  to  have  been  05  per  cent,  of 
the  theoretic  power  of  the  fall  as  represented  by  the 
pressure.  The  pressure  used  was  equivalent  to  a  head 
of  131  feet,  and  at  a  speed  of  80  revolutions  per  miauto 
the  motor  developed  about  5  lior-^^e-power.    The  rotary 


Sir  Williiira  Atmsftong'a  Itotary  Motor. 

type  of  engine  seems  never  to  have  been  actually  applied 
in  practice,  and  the  first  of  Sir  William  Armstrong's 
hydraulic  pressure  engines  commercially  used  was  con- 
structed OQ  the  reciprocating  principle.  "Each  engine 
was  composed  of  two  cylinders  placed  at  an  angle  of 
90°  to  each  otiier  and  working  upon  the  same  crank- 
pin."  "Balanced  cylindrical  valves  were  used,  and  the 
passages  were  made  very  large  to  keep  down  the  velocity 


^ 
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of  the  water.  Relief  valves  were  also  applied  to  prevent 
shock  at  the  end  of  the  stroke."  The  engines  in  question 
replaced  overshot  water-wheels  at  AUenhead,  and  were 
used  for  crushing  and  washing  lead  ore  and  for  raising 
material  from  the  shafts.  The  head  of  water  available 
was  about  200  feet. 

Subse(|uently  this  type  of  motor  was  adapted  to 
working  with  accumulators  under  very  high  pressure. 
The  pattern  now  generally  used  by  Sir  William  Armstrong 
has  two  oscillating  cylinders  with  differential  pistons 
working  on  over-end  cranks  placed  at  right  angles  to 
each  other.  "The  upper  side  of  the  piston  presents 
only  one-half  the  effective  area  of  the  lower  side,  in 
consequence  of  the  displacement  of  the  ram^  and  the 
pressure  upon  tliat  half  area  is  constant,  a  passage  being 
always  open  to  the  supply  pipe.  The  other  side  com- 
municates alternately  with  the  pressure  and  the  exhaust, 
*  so  that  the  engine  acts  by  difference  of  pressure  in  one 
direction  and  by  an  imopposed  pressure  in  the  opposite 
direction."  "  The  action  is  governed  by  a  two-port  slide 
valve  of  a  cylindrical  form,  placed  either  within  the 
trunnion  or  in  a  prolongation  of  it,  and  worked  direct  by 
the  oscillation  of  the  cylinder,  and  a  relief  valve  is  applied 
to  prevent  concussion  from  shut-in  water."  This  form  of 
motor  is  illustrated  in  Fig.  174.^ 


A.  liif/f/s  Ilydrmdic  Motor. 

In  this  motor  the  inventor  has  sought  to  combine  the 
advantages  of  a  rotary  with  those  of  a  reciprocating 
engine  while  avoiding  their  drawbacks.  A  perspective 
view    of   it    is    shown    in    Fig.    175.      Its    construction 

^  For  this  and  the  preceding  illustration  the  aiitlior  is  indebted 
to  the  courtesy  of  the  Institution  of  Civil  Engineers. 
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Fig.  176. 


k 


will  be  best  understood  by  reference  to  the  diagraiii» 
Fig.  176;^  from  this  it  will  be  seen  that  the  engine 
consists  of  four  cylinders — in  hydraulic  motors  there  are 

generally  only  three,  but  the 
essential  features  are  the  same 
— which  revolve  freely  and 
independently  about  a  common 
central  stud.  The  pistons  of 
these  cylinders,  which  are 
single  acting,  are  connected 
through  the  piston-rods  to 
corresponding  crank  -  pins, 
equidistant  from  each  other, 
attached  to  a  disc  keyed  to  the 
main  engine-shaft.  The  latter 
is  not  concentric  with  the  stud  above-mentioned,  but 
the  axes  of  both  are  parallel;  if,  therefore,  the  disc 
revolves,  so  must  also  the  cylinders,  but  about  another 
centre,  and  it  is  clear  that  to  allow  this  movement  every 
piston  must  reciprocate  relatively  to  its  cylinder,  although 
both  have  absolutely  only  a  simple  rotary  motion.  In 
principle  the  result  is  the  same  as  though  the  engines 
worked  in  the  usual  manner  on  a  crank  of  a  radius  equal 
to  the  eccentricity  of  the  two  centres  (that  of  the  shaft 
and  that  of  the  stud),  the  stud  taking  the  place  of  the 
crank-pin,  but  as  the  cylinders  and  pistons  are  respectively 
balanced  among  themselves,  the  eflFects  resulting  fix)m  the 
unbalanced  dynamic  action  of  reciprocating  masses  in  the 
ordinaiy  type  of  engine  are  avoided. 

The  stroke  of  each  piston  is  equal  to  twice  the 
eccentricity  of  the  two  axes,  and  the  power  developed 
may  be  calculated  in  the  usual  way. 

1  Reproduced,  with  the  kind  permission  of  Mr.  A.  Rigg  and  the 
editor,  from  The  Engin^ir. 
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The  turning  effort  on  the  disc  to  which  the  connecting- 
rod  ends  are  attached  is  very  constant,  being  in  fact 
exactly  equivalent  to  that  exerted  by  four  (or  three) 
single-acting  engines  with  the  cranks  evenly  distributed, 
only  in  this  case  all  act  in  one  plane  on  a  single  crank, 
so  that  alternating  stresses  on  the  shaft  are  avoided. 
There  are  of  course  no  dead  centres  with  this  arrangement, 
so  that  the  engine  can  be  started  in  any  position. 

Assuming  the  rotary  motion  of  the  shaft  to  be  uniform, 
there  must  necessarily  be  a  variation  in  the  angular 
velocity  with  which  the  cylinders  revolve;  in  moving 
from  the  position  3  to  1  in  the  diagram,  there  will  be 
an  acceleration,  while  from  1  to  3,  during  the  other  half 
of  the  revolution,  a  retardation  must  t<ake  place,  but  the 
power  absorbed  in  effecting  the  acceleration  is  utilized 
in  the  subsequent  retardation. 

To  proportion  the  expenditure  of  water  to  the  power 
required,  the  hydraulic  motors  are  arranged  in  such  a 
manner  that  the  centre  about  which  the  cylinders  revolve 
can  be  moved  so  as  to  alter  its  distance  from  the  crank- 
shaft centre,  and  thereby  the  stroke  of  the  pistons.  This 
movement  is  effected  by  a  hydraulic  cylinder  and  plunger 
acting  on  a  cross-head  carrying  the  stud.  The  admission 
and  exhaust  of  the  water  under  pressure  to  and  from  this 
is  controlled  by  a  centrifugal  governor,  and  practically 
absorbs  no  power. 

Each  cylinder  has  at  its  lower  end  a  boss  with  flat 
faces,  through  which  the  central  stud  referred  to  passes, 
and  each  boss  is  so  arranged  that  its  faces  fit  accurately 
against  those  of  the  neighbouring  bosses,  and  contain 
ports  for  the  passage  of  the  water  on  its  way  to  the 
cylinders. 

The  outside  boss,  at  the  end  at  which  the  inflow  takes 
place,  contains  the  admission  and  exhaust  ports  to  all  the 
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cyliuders;  as  the  latter  revolve,  these  ports  are  opeued 
and  closed  in  succession  by  a  stationary  valve,  nearly 
balanced,  which  works  against  the  outer  face  of  the  boss. 

These  motors  run  at  a  high  speed.  One  of  them, 
driving  a  dynamo  in  connection  with  glow-lamps,  works 
regularly  at  250  revolutions  a  minute,  and  can  be  made 
to  revolve  at  a  much  higher  speed  if  required. 

It  may  not  at  first  sight  be  obvious  in  what  way 
the  effects  produced  by  rapidly  reciprocating  masses  in 
ordinary  engines  are  avoided  in  the  case  of  Mr.  Bigg's 
motor,  since  a  relative  reciprocation  and  reversal  of  the 
motion  of  the  plungers  actually  occurs.  Consideration 
will  however  make  it  clear,  that  the  variation  in  the 
angular  velocity  with  which  the  cylinders  revolve  takes 
the  place  of  the  acceleration  and  retardation  of  the 
reciprocating  masses  in  an  ordinary  motor;  the  smaller 
the  eccentricity  of  the  central  stud  relatively  to  the  crank 
centre,  the  less  is  the  amount  of  relative  reciprocation  and 
variation  in  the  angular  velocity. 


A.  ScJnnkrs  Ilydmulic  Motor. 

This  was  one  of  the  first  motors  of  the  class  under 
consideration  designed  to  meet  the  wants  of  small  manu- 
facturers and  for  domestic  purposes,  and  is  in  many 
respects  the  best.  Its  construction  is  shown  in  Figs. 
177,  178,  and  l79.i 

The  cast-iron  cylinder  is  closed  at  the  end  next  the 
crank  by  a  cover  furnished  with  a  long  and  massive 
stuffing-box,  which  serves  as  a  guide  for  the  piston-rod. 

*  Fur  tliese  aiid  many  of  the  subsequent  illustrations  of  hydraulic 
pressure  engines  the  author  is  indebted  to  Knoke*s  work,  Kraft- 
maschinen  des  Kleimjewet'beif. 


Schnid's  Hydraulic  Motor. 
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This  is  necessary,  owing  to  the  engine  being  of   the 
oscillating  type. 

The  cylinder  rests  on  a  cylindrical  surface,  about  the 
axis  of  which  the  oscillation  takes  place,  and  this  surface 
forms  at  the  same  time  the  valve-face  and  works  in  a 
corresponding  hollow  in  the  bed-plate,  which  contains 
the  admission  and  exhaust  passages,  and  in  reality  takes 
the  place  of  a  slide-valve,  only  in  this  case  the  usual 
order  is  reversed,  and  the  valve  is  stationary  while  the 
cylinder  moves.     The  valve  has  three  ports,  of  which 

Fig.   179. 


^ — 


the  middle  one  is  in  communication  with  the  admission 
pipe,  and  as  the  cylinder  oscillates  communicates  through 
the  passages  in  the  latter  alternately  with  opposite  ends 
of  the  cylinder.  Through  the  two  remaining  ports  the 
exhaust  takes  place,  both  being  connected  with  one  off- 
flow  pipe.  The  construction  will  be  clear  from  the  ac- 
companying illustration,  Fig.  179. 

On  either  side  of  the  cylinder  are  necks,  the  axis  of 
which  coincides  with  that  about  which  oscillation  takes 
place.  These  necks  have  their  bearings  in  two  levers 
pivoted  at  one  end  to  the  frame  near  the  crank-axle,  and 
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by  means  of  a  hand-wheel  and  screw  acting  on  the  other 
end  of  each  lever  the  cylinder  can  be  pressed  down  upon 
its  bearing  surface.  In  order  to  lubricate  or  inspect 
the  valve-face  the  cylinder  can  be  lifted  quite  otF  the 
bed  by  unscrewing  the  hand-wheel. 

The  piston  is  solid.  In  small  machines  it  is  accurately 
turned  and  ground  in ;  in  larger,  a  leather  collar  is  used 
to  make  it  water-tight. 

A  small  copper  air  vessel  is  used  in  connection  with 
the  motor,  and  for  larger  sizes  a  small  air-pump  to 
replace  loss  by  leakage  and  absorption  of  the  air  by  the 
water. 

The  capacity  of  the  air  vessel  is  from  2  to  2  J  times 
the  volume  swept  through  by  the  piston. 

Experiments  made  by  Professors  Zeuner  and  Kronaucr 
show  tliat  an  efficiency  as  high  as  90  per  cent,  can  be 
obtained  with  Schmid's  motors;  the  maker  himself 
guarantees  80  per  cent. 

Hydraulic  Motor  of  Wyss  and  Studer. 

This  engine,  illustrated  in  Figs.  180,  181,  182,  and  183, 
is  also  of  the  oscillating  type,  and  differs  from  Schmid's 
chiefly  in  the  fact  that  the  valve  surface  is  flat  instead  of 
curved. 

The  cylinder  rocks  on  two  necks,  which  have  their 
bearings  in  the  main  frame.  On  the  under  side  of  the 
cylinder  a  chamber  is  formed,  in  the  vertical  sides  of 
which  are  the  ports  for  the  distribution  of  the  water. 
The  fluid  enters  simultaneously  from  both  sides  into  this 
chamber,  and  thus  any  one-sided  pressure  is  avoided. 
A  vertical  partition  (the  prolongation  of  which  would  pass 
through  the  axis  of  oscillation)  divides  the  chamber  into 
two  parts,   each   of   which    communicates  through    one 
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opening  witli  one  end  of  the  cylinder,  and  tlirough  two 
lateral  ports  with  the  admission  and  exhaust  passages 
alternately.  The  vertical  surfaces,  on  the  outside  of  the 
cylinder  chamber  containing-  the  ports,  work  against 
corrcapODding  faces  on  the  sidos  of  two  valve-chests, 
attached  to  the  main  frame,  through  which  the  water 
enters  and  leaves  the  cylinder.  Fig.  183  shows  a  section 
through  one  of  these  chests,  wliich  has  three  divisions. 
Through  the  middle  the  water  is  admitted,  and  by  the 
two  side  passages  exhausted. 

Fig.  182.  Fig.  183. 


p^EnF^^*^^l^J3 


The  area  of  each  port  in  t)ie  valve-face  is  about  0'3  of 
the  sectional  area  of  the  cylinder. 

The  valve-chests  above  referred  to  can  be  pressed  by 
means  of  screws  on  both  sides  against  the  bearing  3ur> 
faces  on  the  cylinder  chamber,  so  as  to  make  a  water- 
tight joint.  Below  the  main  frame  is  a  casting  con- 
taining the  admission  and  exhaust  passages  to  which  the 
inlet  and  oB'-flow  pipes  are  connected.  This  casting  is 
so  arranged  that  it  can  be  turned  round  through  180°,  so 
that,  according  to  circumstances,  the  connections  can  be 
made  on  either  aide  of  the  motor.  The  joint  between 
the  frame  casting  and  each  valve-chest  is  made  tight  by 
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means  of  two  conical  gun-metal  tubes,  one  within  the 
other,  which  pass  easily  through  the  frame-plate,  and 
are  forced  by  the  pressure  of  the  water  against  the  sides 
of  the  openings  through  which  they  project.  The  valve- 
chests  have  bearings  at  the  upper  ends  through  which 
the  cylinder  necks  pass,  to  insure  their  being  kept  in  the 
proper  relative  position. 

Haag's  Hydraulic  Motor. 

In  this  hydraulic  engine — of  which  Figs.  184  and  185 
show  the  construction  —  the  necks  about  which  the 
cylinder  oscillates  contain  the  ports  and  passages  for 
admission  and  exhaust,  which  takes  place  on  both  sides. 
The  water  enters  and  flows  off  through  the  main  frame, 
as  in  Schmid's  motor,  but  the  necks  do  not  rest  directly 
on  the  valve  surface  of  the  frame,  but  upon  intermediate 
bushes,  which  serve  as  the  lower  brasses  of  the  bearings 
and  can  be  renewed  when  worn  out  The  cylinder  and 
frame  are  of  cast-iron,  the  piston  of  gun-metal ;  the  latter 
is  made  water-tight  by  a  leather  collar. 

The  connecting-rod  head  is  guided  in  a  continuation 
of  the  cylinder  casting  so  as  to  relieve  the  stuflSng-box 
of  all  lateral  pressure,  and  thus  serves  the  purpose  of  a 
cross-head. 

It  has  been  claimed  as  an  advantage  of  this  motor  over 
that  of  Schmid,  that  the  surfaces  for  friction  are  smaller, 
but  as  the  friction  depends  chiefly  on  the  total  pressure 
and  very  little  on  the  area  of  the  bearing  surface,  it  is 
desirable  to  make  the  latter  as  large  as  practicable  in 
order  to  reduce  wear. 

The  following  are  tlie  results  of  experiments  made  at 
Erfurt  in  1878  with  one  of  Haag's  hydraulic  motors, 
having  a  diameter  of  50  millimetres  (2  inches)  and  75 
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millimetres  (3  inches)  stroke,  as  given  in  Knoke's  work  on 
Kraftmaschiiun  dcs  Klcmgcivcrbcs. 


Number  of 
revolutions 
per  minute. 


351 
372 
335 


Horse-powor 
as  measured 
on  the  brake. 


0-406 
0-451 
0-406 


Pressure  in 
equivalent 
heail,  feet 


Water  con- 
sumed in 
cubic  feet 

per  minute. 


98-4 
114-8 
123  0 


3-920 
4-132 


Ayailable 
horse- 
power. 

0-728 
0-900 


Efficiency. 


0-56 
0-50 


Philij)  Meyer's  Engine. 

Tlie  hydraulic  engine  of  Philip  Meyer  is  of  a  special 
type,  deserving  notice  chiefly  on  account  of  the  fact  that 
the  admission  of  water  can  be  cut  off  before  the  full  stroke 
is  completed. 

The  cylinder  of  the  motor,  which  in  general  construction 
resembles  an  ordinary  stationary  steam-engine,  has  at 
either  end  a  chamber  filled  with  air,  the  contents  of  which 
at  the  end  of  a  stroke  must  be  compressed  to  the  initial 
pressure.  The  water  as  it  enters  the  cylinder  therefore 
encounters  an  elastic  cushion  which  prevents  the  occurrence 
of  shocks. 

Fig.  18G  illustrates  the  construction  of  the  engine.  The 
cylinder,  with  the  air  chambers  at  each  end,  is  cast  in  one 
piece  with  the  valve  chest,  and  has  only  one  cover,  at  the 
back  end ;  at  the  front  end  it  is  bolted  to  a  strong  forked 
frame  containing  the  crank -shaft  bearings  and  the  cross- 
head  guides. 

The  slide  valve  has  parallel  surfaces  at  top  and  bottom, 
and  is  balanced  and  kept  tight  by  an  adjustable  plate  on 
the  back.  Tliis  plate  has  recesses  corresponding  to  the 
ports  in  the  cylinder,  which  have  the  effect  of  making  the 
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area  of  admission  for  a  given  opeuing  of  the  valve  twice  as 
great  as  it  wonid  otiierwise  be,  aiid  at  the  same  time  serve 
to  relieve  more  completely  the  pressure  on  the  valve. 

Fig.  ]8fl. 


Meyer's  Engino. 


This  arrangement,  although  it  has  not  been  found  to 
answer  with  steam,  gives  very  satisfactory  results  with 
water  where  the  latter  carries  no  sand  or  grit 


528  HYDRAULIC  MOTORS. 

The  valve  is  worked  by  an  ordinary  link  motion^  with 
open  eccentrics  (Stephenson's). 

The  governor,  which  is  of  a  powerful  type,  acts  on  the 
link  and  regulates  the  cut-off,  the  peculiar  feature  of  this 
motor  which  has  yet  to  be  explained. 

The  air  vessel  is  placed  on  the  top  of  the  valve  chesty 
and  the  water  enters  the  latter  from  below. 

In  order  to  replace  any  air  lost  by  leakage  or  absorption, 
the  following  arrangement  is  employed :  Over  each  end  of 
the  air  chambers,  and  in  connection  with  the  latter,  are 
small  expansion  air  vessels ;  at  the  side  of  each  of  these 
vessels  is  a  suction  or  snifbing  valve,  which,  when  the 
pressure  in  the  cylinder  sinks  below  that  of  the  atmosphere, 
allows  air  to  enter.  At  the  top  of  the  same  air  vessels  are 
check  valves  communicating  through  a  pipe  with  the  main 
air  vessel  on  the  valve  chest,  which  are  kept  down  on  their 
seats  by  the  pressure.  When  the  pressure  of  the  air  in  the 
cylinder  exceeds  the  pressure  in  the  main,  the  air  escapes 
through  the  check  valves,  but,  instead  of  being  lost  in  the 
atmosphere,  passes  into  the  main  air  vessel  to  compensate 
for  loss. 

Coming  now  to  the  action  of  the  motor,  let  it  be  assumed 
'  that  before  the  slide  valve  opens  the  air  chamber  at  one 
end  of  the  cylinder  is  filled  with  air  at  the  pressure  of  the 
water  in  the  main ;  water  is  then  admitted,  and  does  its 
work  throughout  the  forward  stroke.  At  the  commence- 
ment of  the  return  stroke,  when  the  exhaust  takes  place, 
the  pressure  sinks  very  rapidly  to  that  of  the  atmosphere. 
At  a  certain  point  before  the  end  of  the  return  stroke  is 
reached,  the  exhaust  passage  is  closed,  and  the  contents  of 
the  cylinder  are  compressed  during  the  remainder  of  the 
stroke,  until  the  volume  is  reduced  again  to  that  of  the  air 
chamber.  The  work  required  for  this  compression,  when 
water  is  admitted  throughout  the  whole  stroke,  is  entirely 


HYDRAULIC  PRESSURE  ENGINES.  52^ 

lost.  Tlie  matter  is  however  different  when  the  cut-off 
takes  place  before  the  stroke  is  completed ;  in  that  case, 
up  to  the  point  of  cut-off,  the  water  does  its  work  at 
— approximately — constant  pressure,  and  during  the  rest 
of  the  stroke  the  compressed  air  expands,  giving  out  again 
— when  the  proportions  are  correct — the  energy  required 
for  Compression.  During  the  latter  period  the  water  in 
the  cylinder  merely  acts  as  an  extension,  so  to  speak,  of 
the  piston.  Under  these  conditions  no  loss  is  involved 
in  the  use  of  the  air  cushion,  but  it  is  necessary  that  for 
a  given  maximum  pressure  and  air-chamber  volume  the 
latter  should  bear  a  definite  ratio  to  the  volume  behind 
the  piston  at  the  moment  the  cut-off  takes  place.  A 
deviation  from  this  ratio  entails  loss.  It  will  be  seen 
that  Meyer  s  motor  is  in  reality  a  combined  air  and  water 
engine,  in  which  the  air  is  compressed  and  expanded. 


Tlicory  of  Meyer's  Engine. 

As  in  the  case  of  this  motor  not  merely  the  action 
of  water  under  pressure,  but  the  expansion  of  air,  is  con- 
cerned, it  is  necessary  to  undertake  a  separate  theoretical 
investigation. 

Let  ^i  be  the  initial  pressure,  i\  the  volume  of  each  air 
chamber,  V^  the  volume  swept  through  by  the  piston  up 
to  the  point  of  cut-off,  V  the  total  volume  swept  through, 
and  V^  that  at  which  the  exhaust  closes  (not  including  v^ ; 
further,  2'>o  ^b®  pressure  of  the  atmosphere. 

As  a  result  of  the  contact  with  a  large  body  of  water, 
the  expansion  or  compression  of  the  air  in  the  cylinder 
may  be  assumed  to  take  place  at  constant  temperature, 
according  to  the  law  expressed  by 

2>  i;  =  constant, 
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where  p  anil  v  arc  respectively  the  correspouding  pressure 
aDd  volume  at  any  given  momeat. 

At  the  time  the  exhaust  closes  all  water  Las  been 
expelled  from  the  cylioder,  aod  there  remains  only  air  of 
atmospheric  pressure p,  and  the  volume  r,  +  Vt',  this  is 
compressed  to  the  volume  Vi  of  the  air  chamber  and 
pressure  2h  of  the  main  ;  hence  there  follows 


and 


from   this   it  is  clear  that  for  a  given    pressure  j>,  the 
cshaust  roust  always  close  at  the  same  volume  V^  in  order 
to  obtain  the  nccesaary  amount  of  compression. 
The  work  required  for  thfs  compression  is 


"'  =  ij'i-jO  'i  %■  hi>- 


n^ 


jr 


=  (j'7~r.)nfc!/-hi'-~ 


and  when  the  admission  takes  place  throughout  the  whole 
Fj_^  IP?  stroke  Fig  187,  this  work  is 

lost,  in  order  to  minimize 
}  this  loss  t  J  should  be  as  small 
Under  these  con- 
ditions it  will  be  seen  that  to 
■ivoid  shocks  efiiciency  ^os  to 
be  sacnticed  to  some  extent. 
The  efficiency  t 

b. 


'  %.  hj>-  -J^-*'' 
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When  the  cut-oflf  takes  place  at  the  volume  Vi,  Fig. 
188,  before  the  end  of  tlie  stroke,  the  followiag  relations 
exist  between  the  pressures  and  volumes : — 


and 

ft  (V, 

+  «,) 

=  ;> 

•■■. 

whence 

V  - 

V,  ' 

■  y-. 

consequently 

'■ 

V-  v. 

-B-ft'' 

~  I 

p. 
-1 

;(1 

-  E)  V. 

where  i'  ia  the  cut-off 

ratio 

V, 

It  will  be  seen  from 

this  that  I 

,  the  volume 

Fis 

iss. 

of  the  air  chamber  is  de- 
pendent on  the  expan- 
sion ratio,  and  if  this  ia 
changed  with  a  constant 
value  of  Vi,  the  action  of 
tlie  engine  ceases  to  be 
<juite  correct. 

In  the  case  just  con- 
sidered, when  i\  is  cor- 
rectly proportioned  with  regard  to  the  expansion  ratio, 
no  loss  ia  incurred  by  the  use  of  air,  the  work  done  in 
compression  being  restored  during  expansion,  on  tbe 
assumption  that  both  compression  and  expansion  are 
isothermal. 

When  the  ratio  of  expansion  is  changed,  while  t\  re- 
mains unaltered,  the  process  occurring  is  as  follows:* 
Supposing  0'5  to  be  the  correct  point  of  cut-o£f  for  a 
motor  working  with  a  pressure  of  say  60  lbs.  per  square 
inch  absolute,  and  that  this  is  suddenly  changed  to  0*8, 
the  air,  insteatl  of  expanding  from  i\  to  f ,  +  O'o  V,  can 
only  expand  to  thevoJume  %\  +  0'2  V,  and  consequently 
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the  corresponding  pressure  is 
sphere  at  wliich  compression 
exhaust  is  opened  this  excess 
and  compression  commences 
I'l  +  0-2  V,  less  than  that  of 
to  the  change  in  the  cut-off. 
charge  has  been  reduced  to  v, 

iocreased  in  the  ratio  of  - 


above  that  of  the  atino- 
commeoced.  When  the 
of  pressure  is  blown  oET, 
again    at    a    volume    of 

the  previous  stroke  owing 

When  the  volume  of  the 

the  pressure  will  only  be 

02  V 

■^ (instead  of  as  before 


r,  +  0-5  V 


),  and  will   be  less  than  60   lbs.,  so  that  > 


the  admission  of  water  at  the  latter  pressure  from  the 
main  the  air  has  to  ho  compressed  by  the  water  before 
eiiuilibrium  is  established,  and  the  work  required  for  this 
purpose  is  lost. 

The  diagram,  Fig.  189,  iUustratcs  the  process;  abed 
is  the  original  indicator  diagram  with  a  cut-off  at  05  V; 
i;  is  the  new  point  of  cut-off,  and  cf  the  expansion  curve 
for  the  latter,  with  which  the  terminal  pressure  is  in 
excess  of  that  of  the  atmosphere  by  bf. 

At  g  compression  commences  under  the  new  conditions ; 
g  h  is  the  compression  curve  up  to  tlie  end  of  the  back 
stroke,  and  h  i  represents  the  further  compression  by  the 
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inflowing  water.  The  area  shaded  with  dotted  lines  is 
equivalent  to  the  work  done  by  the  water  in  compressing; 
c  i  is  proportional  to  the  total  quantity  of  water  used, 
while  e  d  represents  that  usefully  employed,  the  difference 
d  i  being  wasted,  d  e  kb  g  his  the  effective  diagram  for 
the  new  point  of  cut-off  when  regular  working  has  been 
established. 

Whdn  the  cut-off  takes  place  at  an  earlier  point  than 
the  correct  one,  the  pressure  at  the  end  of  compression 
on  the  return  stroke  rises  above  that  in  the  main,  and 
to  meet  this  the  check  valves  already  described  as 
communicating  with  the  main  air  vessel  are  provided. 

Fig.  190. 


Fig.    190   shows   an    indicator  diagram   from   Meyer's 
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Hasties  Motor,  with   Vainahle  Stroke. 

About  the  year  1879  Mr.  John  Hastie  of  Greenock 
brought  out  a  water  engine  designed  to  remove  the  chief 
objection  to  hydraulic  pressure  motors,  viz.  their  incapacity 
for  economic  regulation.  In  Hastie's  machine  the  stroke 
is  variable,  and  adapts  itself  automatically  to  the  power 
required.     Figs.  191,  192,  193,  194,  195,  and  190  show 


f/'rnef^tlrnyt     /nri.  Mr  R.  iS7^J, 
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the  construction  as  applied  to  a  hoist  There  are  three 
oscillating  cylinders  D,  to  which  water  is  admitted  through 
passages  at  E,  acting  alternately  as  admission  and  exhaust 
ports ;  the  oscillating  ends  of  the  cylinders  take  the  place 
of  valves  in  distributing  the  water.  The  supply  pipe  A 
coinmunicates  with  the  cock  B,  worked  hy  the  handle  C, 
which  controls  the  actioo  of  the  hobt,  and  can  be  used 

Fig.  193. 


as  a  reversing  valve  at  the  extreme  positions  and  a  brake 
in  the  central  position.  In  the  latter  case  both  ports  arc 
placed  in  connection  with  the  exhaust  passage  Q,  which 
is  made  with  a  bend  so  as  to  contain  at  least  as  much  water 
OS  will  fill  the  three  cylinders. 

All  the  plungers  of  the  three  cylinders  are  connected 
to  the  same  crank-pin  /,  which,  however,  is  not  rigidly 
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secured  to  the  crank  disc  M,  but  is  attached  to  a  block 
P),  1^4  H,    sliding     in    a    radial 

groove  in  the  latter.  At 
the  back  of  this  block, 
revolving  on  pins  project- 
ing from  it  at  either  end, 
ore  two  small  rollers  J  and 
L,  which  ran  on  the  cir- 
cumference of  a  peculiarly 
shaped  cam  K.  The  cam 
is  keyed  to  a  spindle  P 
passing  through  a  con- 
centric hollow  shaft  N 
carrying  the  crank  disc. 
Supposing  the  spindle  to 
be  held  fast  while  the 
hollow  shaft  and  crank 
disc  revolve,  tlie  block  11 
will  be  displaced  radially 
by  the  cam  K,  and  with 
it  the  crank-pin,  thus  alter- 
ing the  stroke  of  the  pistons. 
A  hollow  cylindrical  cas- 
ing S  or  drum  is  keyed  to 
the  spindle  P  and  runs 
loose  on  N;  within  this 
are  two  rollers  carried  in 
forks  at  the  ends  of  hollow 
rods.  These  rods  with  the 
rollers  are  pressed  out- 
wards towards  the  circum- 
ference by  helical  springs 
T,  while  over  each  roller 
vhich  is  attache<l  to  a  snug 


s  a  chain  It,  one  end  of 
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IV  projcetiDg  from  tlie  aide  of  the  drum,  the  otlier  to  the 
hollow  shaft  N. 

When  water  is  admitted  to  the  cylinder  under  pressure 
the  crank  disc  begins  to  revolve,  and  with  it  the  hollow 
shaft  N,  while  the  spindle  P  carrying  the  cam  K  is  held 
fast  by  the  resistance  of  the  load  applied  through  the 
hoisting  chain  to  the  circumference  of  the  chain  barrel. 
The  result  of  this  is  that  the  chains  it  are  wound  up  on 
N;  at  the  same  time,  owing  to  the  motion  of  the  crank 
disc  relatively  to  the  cam,  the  block  H  with  the.cmnk- 
pin  is  pushed  outwards  and  the  stroke  increased.  The 
winding  up  of  the  chains  compresses  the  springs,  and  this 
compression  and  the  simultaneous  increase  of  the  stroke 
go  on  until  the  resistance  of  the  springs  balances  that  of 
the  pulley,  and  then  the  latter  is  driven  round  and  a  state 
of  equilibrium  estabhshed,  which  lasts  as  long  as  no  change 
occurs  in  the  load  or  pressure.  If  the  load  is  increased, 
a  motion  of  the  crank  disc  relatively  to  the  cam  again 
takes  place,  until  the  turning  moment  on  the  crank 
equals  that  of  the  load  on  the  pulley  by  the  alteration  of 
the  crank  radius  or  stroke. 

In  engines  constructed  to  work  with  very  high  pres- 
sures the  springs  arc  not  employed,  biit  the  arrangement 
shown  in  Figs.  197  and  108  is  used  instead.  In  this 
case  the  springs  are  replaced  by  two  water  rams  U, 
which  are  in  connection  with  the  supply  pipe  through 
the  centre  of  the  shaft  F,  and  are  consequently  under 
the  same  pressure  as  that  used  to  work  the  engine. 
The  chains  E  net  in  the  same  way  as  with  springs,.but 
instead  of  being  wound  directly  on  the  hollow  shaft  A', 
they  are  wound  on  cams  V;  in  this  way  greater  power 
is  required  to  force  back  the  rams  in  proportion  as  the 
chains  li  act  at  an  increasing  distance  from  the  centre  of 
the  shaft. 
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The  following  are  the  results  of  experiments  made  by 
Mr.  Kinniple,  chief  engineer  to  the  Greenock  Harbour 
Trustees,  on  a  small  hoist  for  the  Greenock  Infirmary ;  the 
lift  was  22  feet  and  the  pressure  in  the  cylinder  80  lbs, 
per  square  inch : — 

Weight  lifted  I  2ne^  }  427  633  745  857  969  1081  1193 

Water  used,  1      ^j         ^q     ^^     jg     ^y     20      21       22 
gallons.      J 

From  this  it  will  be  seen  that  the  water  consumed  is 
approximately  proportional  to  the  work  done. 


General  Remarks. 

Hydraulic  pressure  engines  are  suited  for  utilizing  com- 
paratively small  quantities  of  water  at  higher  pressures 
than  are  generally  advantageous  with  turbines.  Whereas 
the  speed  of  a  turbine  is  determined  by  the  velocity  of 
flow,  which  in  its  turn  deponds  on  the  head,  irrespective 
of  the  quantity  of  water  supplied,  in  a  hydraulic  pressure 
engine  with  a  given  supply  and  head  the  speed  may, 
within  reasonable  limits,  be  made  high  or  low  as  desirable, 
by  giving  the  piston  a  smaller  or  greater  diameter  and 
inversely  corresponding  stroke.  EflSciency  is  promoted 
by  a  low  piston  velocity,  but  of  course  with  high  pressures 
the  speed  may,  for  a  given  efficiency,  be  greater  than 
with  lower  pressures.  Probably  no  other  class  of  motor, 
except  an  electric  motor,  can  be  so  efficient  as  a  hydraulic 
pressure  engine,  but  the  latter  suffers  under  the  dis- 
advantage, as  generally  constructed,  that  any  regulation 
of  the  power  developed  is  accompanied  by  a  serious 
reduction  in  the  efficiency.  Such  regulation  can  only 
be  effected,  where  a  constant  speed  is  required,  through 
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a  reduction  of  the  pressure  on  the  piston  by  throttling 
the  supply  of  water.  This  means  purposely  wasting  the 
available  energy  with  the  object  of  reducing  the  pressure. 
If,  for  example,  the  resistance  to  the  piston  decreases 
to  one-half  of  its  maximum  value,  and  no  change  in  the 
speed  is  allowed,  the  stop-valve  orifice  is  reduced  so 
that  the  velocity  of  flow  through  it  is  increased,  and  the 
sudden  change  from  this  velocity  to  that  of  the  piston 
results  in  a  greater  loss  of  energy  than  occurs  with  the 
valve  orifice  fully  open.  The  eflfect  shows  itself  in  a 
diminution  of  pressure,  which  must  be  adjusted  to  the 
resistance  to  be  overcome,  that  is,  in  the  assumed  instance, 
reduced  to  one-half  the  pressure  employed  at  full  power. 
As  the  loss  of  energy  is  proportional  to  the  reduction 
of  pressure  the  disadvantages  of  this  method  of  regulation 
are  very  evident. 

The  hydraulic  motors  of  Rigg  and  Hastie,  previously 
described,  have  been  designed  to  overcome  the  defect  in 
question  by  varying  the  strohe  of  the  engines  according 
to  the  power  required.  In, this  way  the  pressure  on 
the  piston  is  maintained  practically  constant,  while  the 
quantity  of  water  used  is  varied,  and  no  loss  of  efficiency 
is  necessarily  entailed  by  the  variation. 

In  some  places  on  the  continent  of  Europe  small 
hydraulic  pressure  engines  are  much  used  in  connection 
with  the  water  from  the  town  mains.  In  mines  hydraulic 
engines  of  a  larger  kind  are  often  employed,  on  account 
of  the  comparative  ease  and  safety  with  which  the  water 
power  can  be  transmitted  through  pipes  to  different 
distant  parts  of  the  workings. 

Water  under  high  pressure  is  in  many  respects  a  good 
medium  for  the  transmission  of  power  to  considerable 
distances,  but  its  application  to  that  purpose  does  not 
come  within  the  scope  of  this  work. 
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There  are,  of  course,  many  varieties  of  liydraulic 
pressure  engines  besides  those  described,  but  the  latter, 
it  is  believed,  include  the  leading  types  with  the  excep- 
tion of  the  hydraulic  ram,  which  is  used  exclusively  for 
pumping,  and  does  not  come  within  the  category  of 
general  motors. 
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Immersion,  effect  of,  418. 
Impact.    See  Shock. 
Impulse  turbines,  25,  39,  211. 
axial,  43,  224. 


INDEX. 


Impulse    Turbines,    centrifuge 
action  in,  250. 

dimensions  of,  226. 

essential  principle  of,  211. 

on  the  difference  between  im- 
pulse and  reaction  turbines, 
262. 

radial,  256. 

relative  velocity  of  flow,  218. 

summary  of  formulas  for,  235. 

theory  of,  213. 

with  partial  admission,  25, 
234. 

with  suction-tube,  279. 
Indicator  diagram  of  hydraulic 
pressure  engines,  502,  530, 
533. 
Inflow,  direction  of.    See  Flow, 
angles  of. 

with  least  resistance,  experi- 
ments on,  456. 

without  shock,  14,  101,  456. 
Introduction,  1. 

Inward-flow  combined  turbines, 
26. 

radial  turbines,  26. 

turbines,  difference  between 
their  action  and  that  of 
outward-flow  turbines,  195. 

J. 
Jonval  turbine,  27,  36,  119. 
construction  of  vanes,  140. 
double,  37. 
See  also  Axial  turbines. 

K. 

iTj  co-efficient  of  flow,  107,  109, 

225. 
iCj  co-efficient  of  speed,  112. 
Kennedy,  experiments  on  flow 

over  weirs,  320. 
Kinetic  energy,  3,  499. 

L. 
Leakage,  loss  by,  84,  91. 
Lehmann,  summary  of  losses  by, 
95. 
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Mixed-flow    turbines,    develop- 
ment  of,  33. 
expression  for  useful  work,  58, 
506. 

Momentum  of  water,  16. 

Morris  Co.,  turbines  of,  at  Nia- 
gara Fall£^  443. 

Motion,    relative   and   absolute, 
10. 

Mouthpieces,  conical,  207. 

N. 
Nagel    and  Kamp,  turbine    of, 

184. 
Niagara  Falls  Installation,  442. 
Notation,  47. 
Number  of  buckets.    See  Number 

of  vanes, 
of  vanes,  126,  136,  231,  258, 

260. 
Numerical  examples,  283. 

0. 

Olching,  experiments  with  tur- 
bines at,  368. 
Outflow  areas,  ratio  of,  107. 
effect  of  ratio  on  co-efl5cient  of 

flow,  108. 
effect  of  ratio  on  efficiencv,  134. 
Outflow,  mean  angles  of,  124. 
observation  of  direction  of,  378. 
radial,  103. 
Outward-flow  Girard  turbine,  43. 
radial  turbines,  26,  39. 
turbines,    difference    between 
their  action  and  that  of  in- 
ward-flow turbines,  195. 

P. 

Purallol-flow    turbines,    25,    3(5. 
See  aho  Axial  turbines. 

centrifugal  action  in,  247,  250. 
Partial  admission,  25,  234. 
Passages,  depth  of,  121,  229. 

width  of,  136,  230,  259. 
Path,  absolute,  of  water,  19,  160. 

relative,  of  water,  20. 
"  Pelton"  wheel  or  turbine,  435. 


Philadelphia,  turbine  trials  at, 
489. 

Pipe,  supply,  loss  in,  81,  87. 
system  compared  with  turbine, 
49. 

Pipes,  motion  of  water  in,  7. 

Pitch  of  vanes,  138,  235, 258. 

Poncelet  and  Lesbros,  experi- 
ments on  flow  over  weirs, 
319. 

Poncelet  water-wheel,  267. 

Power,  measurement  of.  See  De- 
scriptions of  and  experiments 
with  turbines. 

Pressure  difference,  104,  263. 
difference,  curve  of,  76,  499. 
effect  of  excess  of,  62. 
engines,  hydraulic,  500. 

Pressures  at  orifioes,  51,  104, 
262. 

Principles,  general,  of  hydraulic 
motors,  6. 

Proportions,  effect  of  on  perform- 
ance of  turbines,  164,  261. 

Purdon- Walters  stream  motor, 
452. 

Q. 

Quantity  of  water,  118. 

R. 
Radial-flow  turbines,  comparison 

with  mixed-flow,  195. 
Radial  impulse  turbines,  256. 
inward-flow  turbines,  32,  195, 

256,  463. 
outflow,  103. 
outward-flow  turbines,  28,  39, 

195,  256,  455. 
turbines,      comparison     witli 
axial  turbines,  192. 
Radii  of  turbines,   18,  60,    125, 

136,  226,  234. 
Ratio  of  areas,  107,  118. 
of  areas,  effect  on  co-efficient  of 

flow,  108. 
of  areas,  effect  on  efficiency,  168. 
of  radii,  effect  on  efficiency,  479. 
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Reaction  turbines,  25. 
compared  with   impulse  tur- 
bines, 265. 
compared  with  pipe   system, 

49. 
differences    between   reaction 

and  impulse  turbines,  262. 
essential  parts  of,  45. 
turbines,  general  theory,  47. 
losses  in,  81. 
Regulating     reaction    turbines, 

methods  of,  171. 
Regulation    by    closing     guide 
passages,  173. 
by  head-race  sluice,  171. 
by  subdivision,  184. 
by  tail-race  sluice,  172. 
by  throttle- valve,  173. 
correct  system  of,  184. 
Relative  velocity  of  flow,  10,  14, 
104,  218,  259. 
effect  of  speed  on,  219. 
for  impulse  turbines,  218,  259. 
Residual  velocity,  16, 50,  66. 
loss  from,  85,  94, 190, 217,  472, 
509. 
Resistance  of  sluice,  86,  94. 
Resistances,  classification  of,  50. 
Rieter,    J.    J.,    turbines    of,  at 

Schaffhausen,  428. 
Rigg's  hydraulic  motor,  514. 
**  fflsdon  "  turbine,  27,  489. 
Rittinger,  experimental  turbines 

o^  67,  77,  337. 
Rotary  pressure  motor,  512,  514. 

S. 
Schaffhausen,  Jonval  turbines  at, 

428. 
Schmid's  hydraulic  motor,  518. 
Shaft  friction  of  turbines,  275. 
Shock,  avoidance  of,  14,  101. 
effect  on  velocity  of  flow,  22, 

71. 
loss  by,  82,  129. 
Sluice  gate,  loss  from,  86,  94. 
in    head-race,  regulation   by, 
171. 


Sluice  gate,  in  tail-race,  regula- 
tion by,  172. 
Sources  of  hydraulic  powerj  4. 
South  Germany,  water  power  in, 

2. 
Speed,  best,  73,  228,  455. 
co-efficient  of,  112. 
effect  on  efficiency,  73, 77,  221. 
effect  of  on  velocity  of  flow, 

63,69,221. 
effect  of  variations  on  perform- 
ance of  turbines,  75. 
of  turbine  without  load,  73. 
Stream,  deflection  of,  12,  61. 
depth  of,  115. 

motor  of  Purdon  and  Walters, 
452. 
Suction-tube,  25,  33,  36. 
be?t  form  of,  202. 
diameter  of,  138,  210. 
on  the  use  of,  200. 
position  of  wheel  in,  55,  209. 
theory  of,  52. 
Suction-tubes,  loss  in,  205. 
Summary  of  facts  about  reaction 
turbines,  96. 
of  losses,  95. 

of  rules  and  formulas,  281. 
"Swain"    turbine,    analysis    of 
results,  450. 
experiments  with,  446. 
Switzerland,  water  power  in,  2. 

T. 
Table  A,  comparison  of  experi- 
mental  and    calculated  re- 
sults, 455. 
B,  dimensions  of  turbines  as 

constructed,  450. 
I.,  co-efficients  of  flow,  492. 
II.,  efficiencies,  498. 
Tangent  wheel,  Zuppiuger's,  39, 

256. 
Temi,  turbines  at,  421. 
Testing  station,  Hol^oke,  391. 
Tests  of   turbines   in  America, 
196.    See  aUo  Experiments, 
&c. 
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Theory,  general,   of    hydraulic 
pressure  engines,  501. 
general,  of  reaction  turbines, 

47. 
of  impulse  turbines,  213. 
of  suction-tube,  52. 
Thickness  of  vanes,  136,  260. 
Thomson's  turbine,  156,  463. 
Throttle-valve,    regulation    by, 

173. 
Tremont   turbines,  experiments 

with,  372. 
Trials.     8ee  Experiments. 
Tumbling  bays,  316.    See    also 

Weirs. 
Turbine,  at  Goeggingen,  experi- 
ments  with,  182,  365. 
at    Immenstadt,    experiments 

with,  427. 
experiments  with  "Boyden,** 

400. 
"  Hercules,"  401. 
"  Humphrey,''  406. 
«  Little  Giant,"  410. 
"  Swain,"  416. 
of  Professor  James  Thomson, 

463. 
the  "  Pelton,"  435. 
Turbines,  4. 
at  Olching,  experiments  with, 

368. 
atTemi,  421. 
at  Varzin,  experiments  with, 

413. 
compound,  270. 
classification,  24. 
description  of  and  experiments 

with,  335. 
descrijition  of  typical,  26. 
essential  construction,  24. 
experiments  with,  335. 
experiments    with     at    Boott 

cotton  mills,  384. 
experiment*  with  at  Tremont, 

372. 
experiments    with    "  Collins," 

396. 
impulse,  25,  39,  211. 


Turbines,  in  general,  S4. 

radial  impulse,  256. 

to  act  both  as  impulse  and  re- 
action wheels,  242. 

*'  Boyden,"  400. 

«  Callon,"  39. 

«  Collins,"  896. 

"  Foumeyron,"  28,  183,  455. 

'*Francis;'32,48,884. 

"Girard,^   39.    8te  Turbines, 
impulse. 

«  Henschel,"  144. 

"  Hercules,"  401,  468,  481. 

"Humphrey,"  183,  197,  406, 
468. 

"  Jonval  "  27,  86. 

''Little  Giant,"  410. 

"  Nagel  and  Eamp,"  184. 

«  Pelton,"  485. 

"Risdon,"  27,^489. 

"  Swain,"  450.^ 

"  Vortex,"  156. 

"  Zuppinger,"  39. 
Types  of  motors,  4. 

U. 

Unutilized  energy,  loss  from,  50, 
74,  85,  94,  190,  223,  472. 
relative  losses  bv,  in  parallel 
and     mixed-flow    turbines, 
472. 

Use  of  water  for  work,  1. 

Useful  work,  50,  57,  215,  506. 

V. 

Vane,  angles,  choice  of,  149. 

correction  of,  145,  239. 

curve,  volute,  124,  156. 

cunes,  140,  237. 

surface,  helical,  187,  251. 
Vanes,  action  of  water  on,  12. 

angles  of,  13,  61,  124,  144. 

back,  154. 

construction  of,  140,  237,  239, 
252. 

general  remarks  on  construc- 
tion of,  159. 

guide,  25. 
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Vanes,  number  of,  126, 136,  236, 
258. 

of  Jonval  turbine,  36. 

thickness  of,  136,  260. 

wheel,  obstruction  by,  119, 225. 
Varzin,  experiments  with  turbine, 

at,  413. 
Velocity,  absolute,  10,  14. 

of  flow,  15,  62,  67,  106,  213. 

of  flow,  curve  of,  76. 

of  flow,  effect  of  angles  on,  69. 

of  flow,  effect  of  speed  on,  63, 
69. 

of  flow,  formulas  for,  64,  106, 
213. 

of  flow,  relative,  for  impulse 
turbines,  218. 

of  rotation,  18,  22.    See  Speed. 

of  rotation,  mean,  59. 

of  vane,  13. 

relative,  10, 14. 

residual,  16,  50,  66. 

residual,  loss  from,  85,  94,  190, 
217,  472,  509. 

theoretical,  64. 
Ventilation  of  buckets,  43,  211. 
Venturi,  experiments  of,  206. 
"  Venturi ''  meter,  330. 
Volute  vane  curve,  124,  156. 
"  Vortex  "  turbine,  156. 

W. 

Water,  capacity  of  for  work,  3. 
distribution    of    in    turbines, 

187. 
flow  of,  in  closed  pipes.  &c.,  7. 
levels,  measurement  of,  329. 
measurement  of,  312. 
measurements,  comparison  of, 

490. 
meter,  the  "Venturi,"  330. 


Water,  meters,  328. 
power  in  Europe  and  United 

States,  2. 
power  in  United  States,  198. 
power,  real  agent  in,  3. 
pressure  engine,  4,  500. 
quantity  of,  118. 
Water-wheel,  4. 
Poncelet,  267. 
primitive  form  of,  1. 
Weight  of  water  flowing  through 

turbine,  58. 
Weir,  5. 

measurement  of  water  by,  316. 
Weisbach,   experimental  co-effi- 
cients of,  89. 
Weisbach's  formula  for  flow  over 

weirs,  318. 
AVheel,  Poncelet,  267. 
the  "  Pelton,"  435. 
vanes,  construction  of,  143. 
Wheels  of  various  turbines,  27. 
Width  of  guides  and  buckets, 
115,  125, 136,  231,  259. 
of  turbines,  effect  on  perform- 
ance, 129, 145,  236,  471. 
Wood  and  Co.,  turbines  of,  at 

Niagara  Falls,  445. 
Work,  conditions  under  which 
water  can  do,  3. 
curve  of,  76. 
effective,  57. 
lost  on  friction,  &c.,  50. 
performed  on  curved  vane,  17, 

57. 
useful,  50,  57,  215,  506. 
Wyss    and     Studer,    hydraulic 
motor  of,  521. 

Z. 

ZUppinger's  tangent  wheel,  39. 


